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lmultidimensional Pourier transform. The above principles embody the foundation of
3-D tomographic or projective imaging radars capable of furnishing unprecedented
resolution through a judicial combination of angular (spatial), spectral, and
polarization diversity.

During the period of this report efficient methods for accessing the 3~D
Fourier space of conducting and dielectric objects were studied and implementad
using a versatile automated microwave measurement and imaging facility. -
cility is capable of simulating any innovative or existing radar imag configu-~
ration in the (2-18) GHz range cost-effectively, i.e., without having to actually
build a prototype of the imaging aperture. Polarization diversity and automated
digital correction of the acquired data for system response and anechoic chamber
clutter are provided for. Plans for extending the capabilities of this facility
wall into the millimeter range are underway. High resolution projection images of
complex objects were obtained for the first time from realistic data collected
with this facility utilizing wavelength and polarization diversity measurements
in the (6-17) GHz. Three-dimensional resolution of one to twocentimeters was dem-
onstrated for both conducting and dielectric bodies of complex shape. Efficient
accessing of the Fourier space was achieved with the aid of a unique target de-
rived reference (TDR) technique that can synthesize the equivalent of a reference
point on the target during data processing. The many advantages of the TDR method
make the implementation of 3-D tomographic imaging radar concepts practical. Use
of polarization information and appriori knowledge of object symmetry are shown coL
lead to image enhancement and to achieving projection images of several test ob-
jects,including a scale model of a B-52,with unprecedented resolution. Similar
projection images of dielectric bodies show the excellent potentisl of 3-D to-:j

graphic imaging techniques in nondestructive evaluation (NDE) specially when thes.
are extended to the millimeter wave range.

Several hybrid (opto-digital) 3-D image reconstruction and display methods
potential of real-time operation were studied. These lead to the development of a
Fourier camera, an incoherent Fourier transform (F.T) technique, suited for use

tronic in nature and is based on the projection-slice theorem. Wide dynamic range
tand complex operation are achieved by elimination of the dynamic bias problem

real and imaginary parts of an input function. Throughputs of one to two orders
of magnitude better than digital array processors appear feasible.

The above research is providing the foundations of a new generation of imaging
radars capable of yielding 3-D image detail of distant objects with near optical
resolution or better especisllywhen operation through atmospheric turbulence and
inclement weather is desired.

" Also during the period of this report work was initiated on the use of fre-
quency diversity in 3-D imaging of incoherent objects. Experiments conducted
using scoustical noise and ctoss-spectrsl power density measurements have yielded
high resolution projection image of a 3-D distribution of acoustic noise emitter
establishing thereby for the first time the validity of accessing the Fourier

This work has importsnt implications in incoherent imaging where the spectral conq
tent of random wavefields is utilized to gain information about the 3-D structure
of the emitting object. Work in this area and on our Fourier camera are being
merged in an investigation of incoherent imaging systems that incorporate smart
sultisperture systems akin to those in the compound eye of certain insects. Such.
systems have the promise of being optimized to perform certain detection and
identification tasks better than traditional imaging.

with spatially incoherent scenes including CRT displays. The method is opto-elec-J

that plagues most incoherent F.T schemes and by using two colors to represent the

space of incoherent objects by spectrally selective cross-correlation measurements)
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HIGH RESOLUTION FREQUENCY SWEPT IMAGING

1. INTRODUCTION AND STATEMENT OF THE PROBLEM STUDIED

The implementation of high resolution longwave (microwave and acoustic)
hd inverse scattering or holographic imaging systems involves measurement of the
¥z object scattered field over extended recording apertures that subtend suffi-
ciently large solid angles at the object. Because of the discrete nature of

longwave sensors, only a sampled version of the scattered field distribution

over the recording aperture can be recorded. Sampling considerations ordinarily
require dense sampling to avoid retrieved image degradation through deteriora-

tion of the impulse response and aliasing. The cost of implementing such densely

sampled apertures is at present quite prohibitive because of the large number
o and high cost of the coherent sensors needed to form the aperture specially

for the imaging of remote scattering objects where the extent of the aperture

o required to yield useful resolution is quite large even at millimeter wavelengths.
{4 Obviously aperture thimning by reduction of the number of elements can be em-

&f ployed to cut cost. However a systematic study of ordered and random aperture

.."

P

thinning [1],[2] indicates rapid deterioration in resolution and image quality
with degree of thinning. The effect of aperture thinning is best described by
its influence on the shape and level of gide-lobes of the impulse response or

point spread function of the aperture [2]. It is generally true that even with

e R
r’

P

an acceptable degree of thinning, where the deterioration of image quality is

4%
5

B! still tolerable, the cost of longwave apertures remains generally high. To

A
Sy
AP

overcome this constraint we have proposed and studied during the period of this

report the use of target derived reference techniques [3]-[6],[14] and demon-
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e, strated the utility of wavelength diversity [3],[4] as a means of making a
w3 highly thinned (sparse) aperture collect more information about a scattering
;sg * conducting or nondispersive object thus imparting to the aperture a resolution’
%ﬁ? capability better than would be possible monochromatically at the shortest

o operational wavelength case. The effect of wavelength diversity can be ex-
f%é plained 1? terms of spectral aperture synthesis or as trade-off between costly
;EE spatial degrees of freedom associated with the number of elements and the less
o costly spectral degrees of freedom associated with wavelength diversity. Spe-
'g* ' cifically one can show from inverse scattering theory [3]-[8] that coherent
i% multiaspect monostatic or bistatic measurements of the far field scattered by

N a plane wave illuminated nondispersive object as a function of frequency, can
:353 be used to access the 3-D Fourier space I'(p) of the object scattering function
?%S Y(r), T and F'being 3-D position vectors in object space and Fourier space, re-

spectively. The scattering function represents the 3~D geometrical distribution

;\g and strength of those object scattering centers that contribute to the measured
%:f field. Normalization of the measured field for range-phase, clutter, and system
,; frequency response leads in principle to accessing a finite volume Pm(S) of the
f%% Fourier space I'(p). It is possible then as shown by computer simulation in
?%ﬁ references [3] and [4] to retrieve a diffraction and noise Limited version yd(;)

of the object scattering function v(x) by 3-D Fourier inversionm.
Our research program in wavelength and polarization diversity imaging involves

the analytical, numerical, and experimental evaluation of the potential and utility

of the concepts briefly outlined above for developing the foundations of a new

s " #
; M generation of cost-effective imaging radars capable of providing 3-D image in-
7o
X , ..
ﬁq formation about distant scatterers either tomographically or projfectively with
T
.y near optical resolution or even better. Such capability will be valuable in
o ‘
.
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remote and medium range object identification and classification, in develop-
ing criteria for radar-cross section management (enhancement or reduction), in
nondestructive evaluation (NDE), and remote imaging for damage assessment.

To this end, our research during the period of this report has focused on
the study and assessment of efficient and "smart" procedures for data acquisition
employing novel TDR techniques. These techniques applied in the 6-17 GHz regime
have enabled the accessing of a single slice in the 3-D Fourier space of complex
shaped test objects and subsequent reconstruction of a projection image of the
3-D distribution of scattering centers. Unprecedented centimeter resolution has
been demonstrated using realistic data collected in our Experimental Microwave
Imaging Facility for a relatively small number of angular "looks" or object
aspect angles. Despite their excellent quality, these microwave images indicate
several avenues for improvement that have the potential of making them approach
and perhaps exceed the quality and resolution of optical and IR ‘imagers whose

resolution is limited by turbulent or inclement atmospheric conditions realizing
thereby the full potential of wavelength and polarization diversity imaging tech-

niques predicted by theory.

Constraints on accessing the Fourier space over the extended volumes required

for the study of true 3-D tomographic imaging imposed by limitations on the
volume of data that can be stored in and handled (for example by our present

MINC 11/03 computer) have prompted us to examine the concept of tomographic (and
projective) image retrieval from incomplete Fourier space data [9] whereby the
Fourier space of the scatterer is accessed over a curved surface instead of over .
8 volume as would ordinarily be needed in order to retrieve 3-D object detail.
The results (see Appendix V) pave the way for a realistic way of studying 3-D
tomographic imaging of scale models of aerospace and other man made objects

from actual dats collected in our anechoic chamber measurement facility.
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During the preceeding period of the program the emphasis has mainly been
on the development of static stepped frequency measurement techniques suitable
for use in automated measurements of objects that are stationary while the data
is being collected. Dynamic frequency swept data acquisition techniques are

needed in the imaging of moving targets. We have started the study of such

- dynamic methods and these will be receiving increased attention in our work.

These are being developed for use in demonstrating near optical microwave imagery
of for example a passing aircraft.

The thrust of our research in wavelength and polarization diversity in the fu-
ture will therefore be aimed at the study and development of efficient dynamic data
acquisition techniques that can be applied outside the confines of the laboratory
and on the detailed study of iethods of improving image quality which include the
use of a prioni knowledge and robust (noise tolerant) deconvolution for image
enhancement and restoration. The fact that the 3-D accessed Fourier space data
can be reduced in dimensionality to 2-D or 1-D through the application of the
prt;joction-slicc theorem will allow the study and comparison of the effective-
ness of 1-D and 2-D enhancement and restoration methods. In fact, reduction of
dimensionality is proving to be 2 most useful and powerful tool in our research
in image understanding and processing.

An snalysis of the point-spread function (PSF) of idealized wavelength di-
versity imaging systems shows that considerable advantages of improved resolution and
speckle suppression can be obtained by increasing the spectral range beyond the 6-~17
GHz range utilized so far in our experimental studies. This is expected however to
lead in practice to situations where spectral information can be collected only
over separate non overlapping segments of the overall spectral window desired where

high power sources, receivers and other gear are available. A segmented spectral
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window will then result leading to the accessing of the Fourier space over un-
connected regions. The feasibility of using robust interpolation methods to "£111

in" the data in the missing bands will therefore be comnsidered in our future research.
The experimental counterpart of this future research requires extending the lower
frequency bound of our measurement system down to 2 GHz or lower and the upper bound
initially to 40 GHz. Reducing the lower bou#d of our system from 6 GHz to 2 GHz is
particularly important for supressing certain resonance effects apparent in the images
retrieved so far, while increasing the upper bound will lead to visualization of
finer detail of the test objects utilized in our studies. The net effect is expected
to be a dramatic improvement of image quality beyond the good images of Laboratory
scale objects already obtained and to better prediction of the imaging performance

of broadband microwave systems with real-world objects.

To fully utilize the 3-D imaging capabilities of wavelength and polarization di-
versity imaging we have been also concerned with the study of high speed hybrid
(opto-digital) computing as a means for true 3-D image reconstruction and dis~
play. The ability to display a true 3-D image is extremely important for ex-
ploiting *-e full potential of the human eye-brain system in recognition specially
vhen the number of the 3-D distributed microwave scattering centers on a visualized
target is limited. One hybrid computing scheme being studied (see Appendix VI)
is based on cgrrying out a series of 2-D optical Fourier transforms of weighted
profection holograms,corresponding to different slices of the object, at very high

Afrane rates employing incoherent light. The ability to perform 2-D fourier
transforms of natural scenes at high speed with this scheme provides a new means
of 3-D image formation based again on the projection~slice theorem which will be
considered also in our future work in addition to our research in 3-D incoherent
imaging techniques based on spectrally selective cross-correlation measurements

(see Appendix IX). Both of the above aspects of our research are leading our
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research to the consideration of multiaperture systems capable of performing
specific remote sensing tasks with high efficiency as in certain biological

systems [10],[11].

2. SUMMARY OF IMPORTANT RESULTS

The research program covered by this final report was initiated to study
and develop optimal data acquisition and image reconstruction procedures suit-
able for use in inverse scattering and three-dimensional microwave imaging by
wavelength and polarization diversity. Important findings and accomplishments
of the program and conclusions that can be drawn from them are summarized below.
Details are found in Appéndices I to XI.

(a) The first centimeter resolution microwave projective and tomographic

imagery of scattering centers of a complex conducting target from data measured

utilizing frequency, angular, and polarization diversity techniques is demonstrated.

This is achieved with realistic microwave scattering data obtained with a versa-
tile experimental microwave imaging facility consisting of a network analyzer
that was designed, assembled and installed in an anechoic chamber environment
under partial support from this program. A variety of test targets are utilized
in the study ranging from simple to complex shaped targets. Digital signal pro-
cessing techniques are employed in the preprocessing and image retrieval.

(b) Several TDR (target derived reference) schemes were conceived and

evaluated for the purpose of removing the range-phase term from the collected

&.

data to facilitate accessing the 3-D Fourier space of the scatterer. One of

Te s
Al i

these involving: (i) precise range estimation from each coherent T/R (trans-

mitter/receiver) station interrogating the target from different aspects to a
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prominent visible scattering center on the target or to a scattering centroid,

and (11) use of successive cross-correlation of adjacent angular records for
fine phase-adjustment "phase tweeking", was shown to be practical enabling the
retrieval of imagery with unprecedented resolution.

(c) Microwave image reconstruction using a filtered-back projection
scheme as opposed to the Fourier inversion scheme was studied and demonstrated
for the first time in microwave imaging.

(d) Three-dimensional imaging of dielectrics was studied and demonstrated
in the context of non-destructive evaluation.

(e) The utility of our microwave measurement facility, not only in micro-
wave imaging studies, but also as a versatile tool for characterizing and evalu-
ating the performance of microwave components and devices such as antennas, ampli-
fiers, modulators ... etc., and in instrument calibration over a wideband of fre-
quencies covering 2-18 GHz range was established.

(f) High quality images were obtained using digital image reconstruction
algorithms based on far field inverse scattering considerations under the physical
optics ;nd Born approximations. These demonstrate that the physical optics

scattering regime can furnish a viable approach for imaging the scattering centers

of an object.

(g) The multiaspect frequency response data used in image formation were
obtained from far field measurements done without having to maintain phase co-
herence from one frequency response measurement to another. This has important
implications when multi-aspect interrogation of the scatterer with an array of
widely spaced broadband monostatic coherent transmitter/receiver stations is em-
ployed as the mode for data acquisition. It means that maintenance of phase co-

herence between the sources at the various stations is not essential during data

acquisition. The phase coherence is introduced through the TDR technique during data




-----
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This eliminates the need for reference signal distribution networks

processing.

which are known to be a major obstacle in the realization of giant microwave co-
herent imaging apertures because of economical and practical constraints on their
implementation and is expected to considerably reduce atmospheric phase distortions
and doppler effects in wavelength diversity imaging of remote moving targets.

(h) A study of phase retreival from amplitude data in the context of in-
verse scattering and wavelength diversity imaging was conducted because of the
great simplicity of measuring amplitude alone instead of amplitude and phase.

It is found that the individual frequency responses of a scatterer are causal

but not minimum phase. As a result phase retreival from amplitude through the
Hilbert transform does not appear to be viable. Preliminary results of a digital
simulation show however that phase information retreived from multiaspect amplitude
responses of a test object consisting of a collection of point scatterers yields
the correct image plus additional spurious detail. Further investigation of

this aspect of our study is planmed.

(1) The Fourier domain slice data accessed by the microwave imaging sys-
tem described in our work (see Appendix VII) is identical to the Fourier domain
data that one might access in the inverse SAR geometry of Fig. 2 (a) of Appendix
V1I or the imaging radar network geometry of Fig. 2 (b) of Appendix VII. The
equivalence of the latter two geometries can be verified by drawing the p-space
sampling format for these equivalent geometries to find that they are identical d
since both access the ;;space of the scatterer over the same range of aspect angles
one doing so sequentially in time as the scatterer progresses in its flight and the y
other acquiring the same data all at once. The question of ;;space data acquisition
in the presence of scatterer motion iz not discussed in our reported work since

the emphasis has been on imagery of stationary scatterers in an anechoic chamber

-8-




environment. As mentioned earlier a study of accessing the ;;space of a scatterer

in the presence of relative motion is currently underway.

A BV aA s e -

(3) Because the TDR technique results in a recording configuration similar

‘d

to that of a lensless Fourier transform hologram, the resolution and spacial
sampling requirement from the recording device (recording aperture) are greatly
relaxed. This leadsto significant reduction of the aumber of receiving elements
in the recording aperture that are needed to achieve good image quality.

(k) Because in addition to being dependent on geometry the dimensions of
the acquired three-dimensional data manifold in p-space are dependent on the
spectral range of the incident wave, super-resolution (i.e., resolution beyond
the classical limit of the available physical aperture) is achieved. This aper-
ture synthesis by frequency diversity further helps in cutting down array cost,
since a highly thinned array aperture can be used to frequency synthesize a
larger array with higher filling factor.

(1) One of the significant accomplishments of this phase of our program
has been the use of a vector reformulation of inverse scattering in an experi-
mental demonstration of frequency diversity imaging that accounts f£:1ly for
the vector nature of the electromagnetic field and provides therefore ways in
which polarization diversity can be utilized to improve image quality.

(m) Customarily, the scattering function y(r) (see Appendix VII) is
identified as the scattering function of the object, defined when the object is
perfectly reflecting as unity within it and zero outside [7],[8]. The results
presentzd in Appendix VII show that in practice y(;) can assume zero values on
P those parts of scatterer's surface that are not seen by the imaging system (i.e.,
do not scatter radiation in the direction of the observation points but rather
scatter it specularly away from them). An example is found in the case of the

flat wing sections and other gross detail in imagery presented in Appendix VII.
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(n) The data collected by a thinned array of coherent receivers inter-
cepting the wavefield scattered from a distant target, as the frequency of its
illumination and/or its direction of incidence is changed, can be stored as a
three-dimensional data manifold in Fourier domain from which a 3-D image of the
target can be retrieved by means of (i) a three-~dimensional Fourier transform,
(11) a sequence of two-dimensional Fourier transforms based on the weighted
Fourier projection theorem, or (iii) a sequence of one-dimensional Fourier
transform and using the filtered-back-projection theorem. The PSF (Point
Spread Function) is spatially variant since the size and shape of the three-
dimensional data manifold in E;space and therefore the PSF and resolution will
depend on the relative positions between the target, transmitter and receiving
array and also on the spectral range of the illumination utilized.

(o) Assuming the scattering process is linear, the frequency response
of a scatterer is related to the impulse response by a Fourier transform. This
means that when impulse illumination is utilized, instead of frequency swept
illumination, a three-dimensional manifold in B;Gpace may be generated by
Fourier transforming the far field 1mbulse response measured at each receiver,
correcting for unequal delay times, and storing the result in p-space of the
object at the values of'; accessed by each receiver. The image reconstruction
algoritims utilized in our work and referred to earlier can then be used to yield
three~dimensional image information. Time domain inverse scattering concepts
as extensively studied for example by Moffatt [12] and Bennett [13] are then
applicable.

(p) Projection imagery of characteristic highlights or scattering centers
of complex shaped targets of the kind employed in our work is shown to provide
sufficient geometrical image detail to enable target classification and identifi-

cation which is the goal in a modern imaging radar system.




(3) The centimeter resolution referred to in item (a) is demonstrated
through the use of frequency diversity in the 6-17 GHz range and angular di-
versity over 90° (polarization diversity that combines two orthogonal states of
polarizations in the data acquisition can also be used) and through the use of
digital image reconstruction and enhancement algorithms. Excellent microwave
image quality is obtained from data contained in a single finite slice of the
Fourier domain accessed in a polar format of 128 equally spaced radial lines
covering an angle of 90° with each radial line containing 128 complex data
points covering a spectral window of 6-17 GHz. A study, of the effect of
angular aperture reduction and thinning, shows that reducing the number of radial
lines (angular looks) covering the 90° angular aperture from 128 to 32
causes little change in image quality while narrowing the angular aperture
to 45° does not degrade the image quality to a degree that renders it un-
recognizable.

(r) The retrieved image is nearly free of speckle noise which'plagues
conventional coherent imaging systems. Speckle noise suppression is attributed
to frequency diversity which tends to suppress and smooth out the side-lobes of
the impulse response (or PSF) of a coherent imaging system making it behave
thereby like a speckle-free incoherent imaging system as discussed in Appendix X.

(s) The range resolution of the wavelength diversity imaging process
studied in our work will not deteriorate with range to the target, as long as
signal-to-noise ratio and the extent of the spectral and angular (aspect)
windows utilized are preserved. This lends credence to the proposal of cost-
effective, extremely broadband coherent radar networks composed of several tens
of stations distributed over continental distance for use in the imaging and
identification of aerospace targets with centimeter resolution. Such reaolutién

may surpass the capability of conventional optical system whose resolution, un-
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like microwave systems, is severely degraded by atmospheric turbulance.

(t) Linear and nonlinear digital image processing using a priori and a
posteriori knowledge can be applied to modify the original reconstructed image to
an enhanced version more informative subjectively pleasing to the observer. This
indicates that a powerful image processor is a necessary tool for the future re-
search work in the M.0./E.O. Laboratory. In the future this will be achieved by
connecting our MINC 11/2 computer to a VAX 750 made accessible to our work by the
Artificial Intelligence and Robotics Laboratory of the Moore School.

(u)’ The techniques developed demonstrate that microwave tomographic
imaging systems can be used in the study of not only conducting scatterers
but also dielectric objects for non-destructive evaluation.

(v) The results of the tomographic imagery presented in this report show
that more research work is necessary in studying recording geometries and
image processing in order to present a three-dimensional tomographic image cost-
effectively, for example through the use of inverse convolution (deconvolution)
techniques that can remove the effect of the PSF of the ;;SPlce accessed by
the highly thinned semi-circular apertures considered in Appendix V.

(w) The microwave imaging approach studied in our work has the potemtisl
of being implementable in a real-time microwave imaging radar with the aid of
advanced microwave instrumentation such as comb generators, channelized receivers,
monopulse trackers, and array processors and coherent and noncoherent hybrid
(opto-digital) computing devices that have the potential for furnishing true 3-D
image display.

(x) The concepts of 3-D tomographic and projective imaging by wavelength
and angular diversity studied extensively in our work are extendable to inter-
ferometric imaging of 3-D incoherent objects (see Appendix XI). Preliminary ex-

perimental results obtained using ultrasound are extremely encouraging. These
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3 lay the foundation for passive imaging radiometers in which the spectral degrees

" of freedom of the random wave-field generated by the object can be utilized to

) obtain 3-D detail.

S We conclude this section by noting several areas of application which would
benefit from the findings reported here when either microwave or acoustical

. radiations are utilized.

}; (a) Construction of images of distant aero-space objects, surface vessels,
and submerged obhjects.

(b) Nondestructive evaluation of dielectric products and materials.

X (c) Detection and identification of buried objects.

(d) Biomedical imaging of tumors for medical diagnosis.

(e) Active or passive remote sensing for resource identificationm,
recovery, and management.

(£) Prediction of storms and tornados.

(g) Analysis and synthesis of microwave networks.

(h) Speech analysis.
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APPENDIX 1

THREE DIMENSIONAL IMAGING BY WAVE-VECTOR
DIVERSITY

(Paper presented at the 8th Int. Symp. on Acoust.
Imaging, Key Byscayne, Fla. and published in
Acoustical Imaging, Vol. 8, A.F. Metherell (Ed.),
Plenum Publishing Corp., New York, 1980)
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(Plenum Publisning Corporation, 1980)

THREE DIMENSIONAL IMAGING BY WAVE-VECTOR DIVERSITY

N. H. FARHAT and C.K. CHAN
University of Pennsylvania

200 S. 33rd St., Philadelphia, PA., 19174

ABSTRACT

A method for the three dimensional imaging of objects by wave-
vector diversity (frequency and viewing and/or illumination angle
diversity) is analyzed using a Fourier Optics approach. The anal-
ysis is applicable to two classes of objects of practical interest
namely weakly scattering objects and perfectly reflecting objects.
It is shown that under frequency swept plane wave illumination the
data collected by an array of receivers deployed in the far field
of the object represents a 3-D data manifold that is within a
quadratic phase factor equal to the 3-D Fourier transform of the
object function. Methods for removal of the quadratic phase factor
vhich otherwise can lead to image distortion are discussed. By in-
voking Fourier domain projection theorems we show that the dis-
tortion corrected 3-D data manifold can yield a reconstruction of
the object slice by slice or all at once using integral holography.
Similarities between wave-vector diversity imaging and possible
"imaging” features in certain cetacean and in the bat are pointed
o“t L]

1. INTRODUCTION

The development of longwave (acoustic or microwave) holo-
graphic imaging systems possessing resolution and image quality
approaching those of optical systems is hampered by three factors:
(a) prohibitive cost and size of longwave imaging apertures, (b)
inability to view a 3-D image as in optical holography and (c) de~
gradation of image quality by speckle noise because of the low
numerical apertures aitainable with present techniques. For ex-
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A ample, a longwave imaging aperture operating at a wavelength of

,:i 3 cm should be about 3 km in size in order to achieve image re-

;: solution comparable to an ordinary photographic camera. In

& addition to inconvenient size, the cost of filling such a large -
aperture with suitable coherent sensors is clearly prohibitive.

¥ : Furthermore, recall that in conventional longwave holography when

S optical image retrival is utilized, it is necessary to store the

] : longwave hologram data (fringe pattern) in an optical transparency . -

.& suitable for processing on the optical bench using laser light.

L4 In order to avoid longitudinal distortion* of the reconstructed

: image, the size of the optical hologram replica must be
Ny m (= Along/Alaser) times smaller than the longwave recording aper-
- ture. For the example cited earlier, this means an optical holo-
) gram replica of less than a millimeter in size. It is certainly

’y not possible to view a virtual 3-D image through such a minute

% hologram even with optical aids since these tend to introduce their

- own longitudinal distortion. As a result, longwave holographers

‘ have long learned to forgo 3-D imagery and settled instead for 2-D

% imagery obtained by projecting the reconstructed real image on a

*Q screen. This permits lowering of the reduction factor m and con-

:q sequently lowering of the resolution requirements of the photo-
graphic film. This permits in turn the use of highly convenient

! Polaroid transparency film for preparation of the optical hologram
replica. Because of the small size (measured in wavelength) of

. longwave apertures attainable in practice and the above method of

:: viewing the real image, speckle noise is always present leading

e to degradation in image quality.

A"

N
"

v

In this paper we describe and analyze an imaging method that
utilizes wave-vector diversity (frequency and viewing and/or
illumination angle diversity) that circumvents the limitations
discussed above. It is worthwhile to point out that our studies of
wvave-vector diversity imaging (or frequency swept imaging) are
motivated to a large extent by evidence of super-resolved "imaging"
capabilities by frequency sweeping in certain cetacean and in the
bat which are known to use frequency swept signals in their "sonar".
We first present the theoretical principles of the method.
Fourier-domain projection theorems are discussed next and utilized

q ; lu.iu.-.e.;

:3 to illustrate the ability of the method to provide 3~D image infor-
-fﬁ mation. This is followed by a presentation of the results of a Ny
e computer simulation. Finally the features of wave-vector diversity
35 imaging are summarized and the similarities to "imaging" procedures
e in the dolphin and in the bat are pointed out.

N

1:j *Longitudinal distortion causes for example the image of a sphere to
-:, appear elongated in the range direction like a very long ellipsoid.
oy
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2. ANALYTICAL CONSIDERATION

In this section we present a Fourier-Optics analysis of wave-
vector diversity imaging first of a two dimensional object in which
there is no restriction on the object orientation relative to the
transaitter and the receiver. This is followed by extension to
three dimensional objects.

Consider an isolated planar object of finite extent with
reflectivity D(ﬁo), where B, is a two dimensional position vector

in the object plane (x4,y,). The object is illuminated as shown

in Figure 1(a) by a_coherent plane wave of unit-amplitude and of
wave vector ti -k iki produced by a distant transmitter located

at Rp. The wavefield scattered by the object is monitored at a
distant receiver at KR lying in the far field region of the object.
The position vectors 50. Rt and Ry are measured from the origin of
a cartesean coordinate system (x,,y,,Z0) centered on the object.
The object is assumed to be nondispersive i.e., D is independent of
k. _However, when the object is dispersive such that D(py,k) =
Dl(pl)Dz(k) and D, (k) is known, the analysis presented here can

easily be modified to account for such object dispersion by correct-
ing the data collected as k is changed for D (k).

Referring to Figure 1(a) and ignoring polarization effects,

the field amplitude at ET caused by the object scattered wavefield
may be expressed as,

bR 1 7 DG et Ty °-J:Rrk dd,, ¢

wvhere d5° is an abbreviation for dx,dy, and the integration is
carried out over the extent of the object. Noting that

Tr ™= Bo - ir. ET - -RTIki and using the usual approximations valid

here: rg ~ Rp + pilznR - ig . ;o for the exponential in (1) and
TR ~ BR for the denominator in (1) where Iy = inllk and iki = ky/k
are unit vectors in the RR and ky directions respectively, one can
vrite eq. (1) as,

F)yadk__ e 5)ed PP 45
vk, R) 2 ID(p,) e de,, (2)
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Transmitter

Planar
Object

D(5,} Receiver

n-th Meridonal
Plane

Sy / y°n

- Shadow Region
(it perfectly
h Reflecting 3-D
Object)

D,,(pon)
n-th slice

(b)

Fig. 1. Geometry for Wave-Vector Diversity Imaging of (a) a two
dimensional object and (b) three dinensional object show-
ing a meridonal slice.
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where we have used the fact that the obseryation point is in the
far field of the object so that exp (-] 2RR) under the integral

- sign can be replaced by unity. In eq. (2), § = k (Iy, - Ip) 4
Py ix + Py i& +p, 1, 1s a three dimensional vector whose length

and orientation depend on the wavenumber k and the angular positions
« ° of the transmitter and the receiver. For each receiver and/or

transmitter present, p indicates the position vector for data

storage. An array of receivers for example would yleld therefore

as k is changed (frequency diversity)or as k (=kl, ) is charged

(wave-vector diversity) a 3-D data manifold. The projection of

this 3-D data manifold on the object plane yields y(k,Rp) because

P.Po =Pt - Po=pX * PyYo where p_ = k(ly, ~ 1)y and py-- )
k(lki - ln)y are the cartesian components of the projection p. of p
on the object plane. Accordingly eq. (2) can be expressed as,

e 1k (Ry + Rp) e~ (Pxx, + PyYo)
’ - ZuR, ID(x4550) dx.dy,

(3)

Because of the finite extent of the object, infinite limits can be
assumed and the ingegral in (3) is recognized as the two dimensional
Fourier transform D(p,, py) of D(xo, Yo). It is seen to be depen-
dent on the object reflectivity function, the angular positions of
the transmicter and the receiver, and on the values assumed by the
wvavenumber k but is entirely independent of range. Data containing

5 can thus be collected by varying these parameters. The range in-
formation is contained solely in the factor F = k exp L-jk(RT + RR)]
/27R; preceeding the integral. The field observed at R, has thus

been separated into two terms one of which, D, contains the lateral
object information and the other, F, contains the range information.
The presence of F in eq (3) hinders the imaging process since it
complicates data acquisition and if not removed, gives rise to
image distortion because Ry is generally not the same_for all re-
‘caivers. To retrieve an image of the object via a 2-D Fourier
transform of eq. (3) (vhat can be carried out optically), the factor
¥ must first be eliminated. This operation yields D over a two
dimensional region in the Px» Py Plane. The size of t?is 5cgion,

’

-

-
K|
q
-l
ﬁ
T
.
’i
k)
.1

vhich determines the resolution of the retrieved image depends on ;
the angular positions of the transmitter and the receiver and on &
the values assumed by k, i.e. the width and position of the spectral ]
vindow employed. The later dependence on k implies super-resolution i
L
p
)
'
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imaging capability because of the frequency synthesized dimension
of the 3-D data manifold generated. Because of the dependence of
resolution on the relative positions of the object, the trans-

mitter, and receiver (or receiver array), the impulse response is

clearly spatially variant. In fact a receiver situated at R for
which P is normal to the vbject plane can not collect any laferal
object information because for this condition (p . po = 0) the
integrals in (2) and (3) yield a conatant.

Such a receiver is located in the direction of specular re-
flection from the object where the diffraction pattern is sta-
tionary i.e. does not change with k. In this case the observed
field is solely proportional to F containing thus range infor-
mation only. Obviously this case can easily be avoided through the
use of more than one receiver which is required anyway when 2-D or
3-D objects resolution is sought.

Several methods for the elimination of F from the collected
data appear possible. These include: (a) By furnishing a target
derived reference (TDR) to the receivers by means of Porter's
method (3) (b) By optical filtering (4), (c) By high speed analog-
to-~digitul conversion and storage of the signals detected by re-
ceivers that are furnished with a common reference signal derived
from or phase-locked to the transmitter. In this later case, di-
gital correction for F can then be performed using apriori know-
ledge (obtained by other independent means) of RR for each re-
ceiver. The most attractive of these, the TDR method, is currently
under experimental study.

The analysis presented here can be extended to three dimen-
sional objects by viewing a 3-D object as a collection of thin
meridonal slices (see Fig. 1 (b)) each of which represents a two
dimensional ‘object of the type analyzed here. With the n~th slice
we associate a cartesean coordinate system x,, Yons %0, that differ
from other slices by rotation about the common xo axil. Since the
vectors P, RT and RR are the same in all n-coordinate systems,
eq (3) holds. Yn(k,RT) is then obtained from projection of the
three dimensional data manifold collected for the 3-D object on the
%gs Yon Plane associated with the n-th slice. An image for each
slice can then be obtained as described before. An inherent
assumption in this argument is that all slices are illuminated by
the same plane wvave. This is a reasonable approximation when the
3-D object is weakly scattering and the Born approximation is
applicable or when the 3-D object is perfectly reflecting and does
not give rise to multiple reflections between its parts. In the
later case the two dimensional meriodnal slices D, (P, ) deterior-
ate into contours, such as C in Fig. 1(b) defined by %“e inter-
section of the meridonal planes with the illuminated portion of
the surface of the object.
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|

Accordingly we can write for the n-th meridonal slice or contour,

-1p.0,
- n -
v (&) =FSD (o ) e o, %)
n n
We can regard nn(aon) as the n-th meridonal slice or contour of a
~.‘ three dimensional object of reflectivity U(r) vhere r is a three
<  dimensional position vector in object space. This means that
! Dn(po ) = U(x) 6(:° ) vhere & is the Dirac delta "function". Con-
d uquc%tly eq. (4) bScomes,
ks .
2 -19-5,
o. - -. n -
3 V0 = F U@ 8 (z)) e a5,
n - n
- =jp.r  _
=F JU(r) § (zo e dr (5)

where dr designates an element of volume in object space and where
the last equation is obtaimed by virtue of the sifting property of
the delta function.

Suaming up the data from all slices or comtours of the object
we obtain, f

"jpor

Zyy =FJ U e dr = ¥(p) (6)

because

Z u(r) é (s,) = u(r).
n . n

Assuming that the Factor F in eq. (6) is eliminated as before
by TDR or by other means, equation (6) reduces to

V() = S U@E) & IPT gf 1

The phase or range corrected data W(;) obtained for example
by the TDR method is therefore the 3~D Fourier transform of the
object reflectivity U(r). An alternate formulation to that given
sbove of super-resolved wave-vector diversity e.m. imaging of 3-D
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perfectly conducting objects is possible by extending Bojarski [3]
and Lewis' [4] formulation of the inverse scattering problem to
the bistatic case, along lines that are somewhat different than
those given by Raz [5].

3. THE FOURIER DOMAIN PROJECTION THEOREMS

The preceeding discussion establishes the existence of a di-
rect 3-D Fourier transform relationship between the_object re-
flectivity U(r) and the phase (or range) corrected p space data
¥(p) collected by a coherent array of receivers _forming an imaging
aperture. Image retrieval from the 3-D data w(p) can be carried
out digitally using the fast Fourier transform. This requires
digital data storage and processing. Due to the inherent two
dimensionality of computer displays, the digitally reconstructed
image can be presented to the viewer in cross-sections or in per-
spective. Direct coherent optical processing of the 3-D data
Y(p) is not feasible because the coherent Fourier transforming
property of the convergent lens is confined to 2-D input formats.
A hybrid (opto-digital) approach based on the Fourier domain pro-
jection theorem can circumvent this difficulty. The motivations
for utilization of optical methods are lower cost and high capacity
for data storage together with a prospect for real-time operation
and true three dimensional display.

The underlying principle for hybrid data processing is the
Fourier domain projection theorem. Spatial domain and dual Fourier
domain projection theorems have been utilized respectively in
astronomy [8] and in x-ray crystallography and electron micro-
scopy [9]. 1n this section we will review the Fourier domain pro-
jection theorem then explain its utilization in deriving 3-D image
information from ¥(p).

Let"(p) and U(r) be three dimensional Fourier transform pairs
i.e., rewriting eq. (7)

¥ = fu@e P Tyz 8)
v

vhere t = x°1x+ypiy+z°1 and p = P, 1 +p 1 y*Pz i are position vectors

in object space and Fourier space respectively. In the volume in-
tegral (8) dr designates the element of volume dx dy dz in object
space,

The projection of Y(p) on the px-py plane is

L (px.py) - N'(px.vy.pz.)dpz 9

proj.
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Substituting (8) in (9),

‘
2 =3(px +p_y +p_z_)
A wproj.(px’py) - ‘{u(xo’yo’zo) (Je x0 'y’o "z o'dp,)
]
Fal -

dxodyodzo (10)
If the ; space basis is sufficiently large the integration of the
3' exponential e~JPz, with respect to P, yields approximately 6(:0)
A . and equation (10§ becomes,

3

-i(p_x +p_y_ )

& VYoroj. Px'Py) = ‘{u(xo'yo’zo)G(zo)e x"0 "y'o’dx dy dz
i

3 i ~3(p x +p.y )

; xﬁ’y“t)(xo.yo)e x'0 "y o'dx d .

. . =\ =}P.P_,= (11)
3 fD(Do)e odp
s vhere D(x .y ) = D(Bo) is a the slice through the object U(r)

N through the x ,y  plane.

Equation (11) indicates that the projection of the 3-D Fourier

[ domain data on a given plane is the 2-D Fourier transform of the
- object central cross-section parallel to that plane. It follows
= 3

X from eq. (11) by the inverse transform,

- J(p_x 4p .y )

‘ D(x0,Y,) prroj.(px.py) e~ "x% Ty’o” dp dp (12)
b a
'd

-’ vhich is the required theorem. According to this theorem, the pro-
3 jection of the 3-D transform data on any plane yields a 2-D data

N manifold from which a central cross-sectional outline of the
- illuminsted portion of the object parallel to that plane can be

v obtained via & two dimensional Fourier transform which can be
k’ carried out optically. Photographic transparency records of the

. Fourier domain projections are suitable for use as input to an
optical bench utilizing laser illumination to execute an instan-
taneous optical Fourier transform with the aid of a simple con-~

b vergent lens. This leads to optical reconstruction of the

B corresponding cross-section of the object.

3 True 3-D image reconstruction is possible if one can view all
%f projection holograms simultaneously. The most logical way to pro-
-
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ceed in this regard is to combine all projection holograms into a
single composite hologram which can reconstruct when viewed by an
observor all cross-sectional outlines of the illuminated portion
of the reflecting object simultaneously with correct angular
ordering so that an impression of viewing a true 3-D image is
created. Omne potential method of carrying this out is multiplex
or integral holography [10].

Through the use of what we call Weighted Fourier Profection .
Theorem to be described next, it should be possible to recomstruct
parallel slices of a 3-D object from the 3-D data manifold Y (p).

Let Gq(px,py) be the weighted projection of Y(p) defined by,

- Jap
Ga(px.py) I W(px.py.pz) ez dp, (13)

P,

Substituting for ¢ from eq. (8) yields,

- J ap
ca(px.py) J e z x{,.yg’{o “("o’yo"o)

L

=Jp x +p y +p 2_)
e x o yyo z'o dxodyodzodpz (14)

Carrying out the integration with respect to P, first assuming
the extent of the p space data to be sufficiently large, the
integral with respect to P_ may be approximated by 6(z -a) Equation
(14) can be reduced then :3. °

ca(Px'Py) =- {o ;o U(xo,yo,z° -a)e-j(pxxo+Pyyo) dxody° (15)

which says that Ga(p:,p’) and U(xo.yo.:o =) are two dimensional

Fourier transform pairs. The weighted Fourier domain projection
theorea follows from the inverse transform

U(xo,yo.zo =q) = £x£yc (px.py)oj(pxxoﬂ’yyo)dpxdpy (16)
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Accordingly parallel slices of the object can be reconstructed 1
slice by slice by changing the parameter a . (

’ In practice one_expects that digital storage of the corrected

3-D data msnifold Y(p) produced by a thinned receiver array is more

convenient than optical storage. The projections wproj (Px’Py)

and the weighted projections Gc(px’Py) can therefore be carried out

digitally. Two dimensional Fourier transform of these projections
§4 °~  carried out either digitally or optically (and hence the hybrid

5 nature) permits recovery of the 3-D image information slice by
- slice.

4. COMPUTER SIMULATION

[ Computer simulation of wave-vector diversity imaging of two
o ln diameter perfectly reflecting spheres was undertaken to verify
the method. The simulated geometry is shown in Fig. 2(a) where a
circular array of 50 coherent receivers is assumed to be in the far
field region of the object. The choice of the object was influenced
by the ready availability in the literature of series formula for
the field scattered from a perfectly reflecting sphere under plane
wave illumination (12). The direction of illumination was assumed
to be fixed. Wave-vector diversity was realized by sweeping the
illumination wavelength between 7.5 cm and 15 cm (i.e. case of
frequency swept imaging). The corrected (TDR) data Y(P) collected
by the elements of the receiver array was stored in the computer in
the proper format specified by the values of p = k (1k = 1p)

i

7575

assumed for each receiver. The projection of the stored Y(p) on
the plane of the array vas displayed on the computer CRT display

and photographed to yield the projection hologram shown in Fig. 2(b).
The corresponding optically retrieved image is ghown in Fig. 2(c).

A central cross-sectional outline image of the two spheres that is
parallel to the projection plane is clearly delineated as two
adjacent circles of equal diameter as predicted by theory.

5 2 3 e )

e e

To evaluate the fessibility of reconstruction by parallel
slices, the weighted Fourier domain projection theorem was applied
to the stored data y(p) for the preceeding example.

4 XAASRAL

Preliminary photographs for the images retrieved from weighted
projections for values of a equal to zero cm (central slice as in
Fig. 2(c)), 30 cm and 40 cm are shown in Fig. 3. Although the
quality of these preliminary images is not good they clearly ill-
ustrate the ability to reconstruct in parallel slices by means of
the weighted Fourier domain projection theorem.
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Reflecting Spheres

A, = 15cm (2GHz)
Al \,*75cm (4GHz)
R,/2,:0.5 .
zo 0" %0
/'/ ’ {
Trans-
’ mntu\
25%) .-~ ELA
{/ '
T o™ Citcular Array

of 50 Receivers

(b)

()

Fig. 2. Computer Simulation of Wave-vector Diversity Imaging,
(a) Geometry, (b) Projection Hologram, (c) Retrieved
Central Cross-sectional Image.
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(b)

- (c)

Fig. 3. 3-D Image Retrieval by Parallel Slices for Values of
a=0cm (a), 30 cm (b) and 40 cm (c).
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5. CONCLUSIONS

We have presented the principles of a long-wave imaging method
in which wave-vector diversity, or frequency diversity (when the
direction of object illumination is fixed), is employed to enhance
the amount of object information captured by a broad-band coherent
receiving array deployed in the far field of the object. The main
features of the method whose basic principles have also been
verified by computer simulation are:

(a) the data collected by a thinned coherent array of re- .
ceivers intercepting the wavefield scattered from a distant 3-D
reflecting object, as the frequency of its illumination and/or its
direction of_incidence is changed, can be stored as a 3-D data
manifold in p space from which an image of the object can be re-
trieved by means of a 3-D Fourier Transform. The size and shape
of the 3-D data manifold, and therefore the resolution, depend on
the relative position of the object the tramsmitter (illuminator)
and the receiving array and on the spectral width of the illumi-
nation utilized.

(b) the data collected must be corrected for a quadratic phase
term before it is stored in a 3~D manifold and an undistorted image
of the 3-D reflecting object recomstructed through the 3-D Fourier
transform operation. A bothersome range-azimuth ambiguity is also
avoided through elimination of this quadratic phase term.

(c) one method of achieving this correction is through the
use of a TDR (Target Derived Reference) by means of which the
object or target is made to act as a point scatterer by illuminating
it with a sufficiently low frequency signal that is a subharmonic
of the imaging frequencies utilized. Harmonic mixing of the amp-
1ified and limited signals produced by the reference spherical
wavefront generated by the object at the receiving array elements
with those produced by the imaging wavefronts scattered from the
object should in principle yield the required prhase corrected data.
The use of a TDR has many additional advantages.

These include:

(1) Elimination of the need for a central local oscilla-
tor for the coherent receiving array.

(14) Because the target derived reference source moves
with the target there is greater tolerance to target motion during
data acquisition.

(111) Because TDk results in a recording configuration
similar to that of a lensless Fourier Transform hologram, the
resolution requirements from the recurding device are greatly
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X relaxed. In longwave holography this fact is translated into a .
significant reduction of the number of receiving elements in the ,

| recording aperture. In addition the use of TDR allows us to place
all the resolving power of the recording aperture on the target.

4 This weans that high resolution images of distant isolated targets

should be feasible with array apertures consisting of tens of

i elements. The ability to synthesize a 2-D receiving aperture with a

Y Wells array (11) consisting of two orthogonal linear arrays one of

| transmitters and the other of receivers provides further means

| of reducing the number of stations needed for data acquisition

i without sacrifice in resolutiom.

(iv) Greater immunity to phase fluctuationg arising from
" turbulance and inhomogenieties in the propagation medium because

. both the reference and imaging signals arriving at each receiving
. element of the aperture travel roughly over the same path.

:
L]
!
]
3
i
i

X (v) 7TDR eliminates the range azimuth ambiguity and ex-~
. cessive bandwidth problems that arise in frequency swept imaging
: when the reference signal for the array aperture is derived in-

. stead from the illumination source or a centrally located local

, oscillator phase locked to it.

.

- (d) Because the dimensions of the 3-D data manifold Y(p) in
P space are dependent, in addition to geometry, on the spectral
¢ range of the illumination, super-resolution (i.e. resolution beyond
the classical limit of the available physical sperture) is achieved.
This aperture synthesis by wave-vector or frequency diversity helps
L cut down array cost (since a thinned array can be used) and size.
(e) VFourier domain projection theorems enable the generation
of two dimensional holograms from projections {or weighted pro-
jections) of the corrected 3-D data manifold y(p) permitting there-
by optical image retrieval of the 3-D object in meridonal slices
parallel to the projection planes one at s time (or in parallel
k slices one at a time).

(f) True 3-D image presentation could be possible by combining
;. 8 set of distinct projection holograms, using multiplex or integral
:  holography techniques, into a single composite hologram which can
. recomstruct all corresponding cross-sectional outlines of the

> 1lluminated portion of the object simultaneously yielding thus a

. vViewable true-3D image.

(3) Unlike conventional Longwave holography no vavelength
scaling is required here to avoid longitudinal distortion in optical
reconstruction.

! (h) Because of the broad-band nature of the illumination and
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the aperture synthesis by frequency diversity, reduction of speckle
noise in the fmage is expected.

(1) In the Frequency Swept mode of wave-vector diversity
imaging (i.e. when lki = const.), the collected data at each

receiver repesents a frequency response of the object. Assuming
‘the scatterisg process is linear, this frequency response is re-
lated to the impulse response of the object by a Fourier transform
(2), (13). Tis suggests that when impulse illumination is utiljzed, .
instead of fmequency swept illumination, a 3-D data manifold ¢(p) ) <
may be genetxed by Fourier transforming the impulse response at

each receiver, correcting the data for the Factor F, and storing

the result i sccordance to the corresponding p for each receiver.

The resultisg corrected {(p) can then be employed as descridbed in 4
this paper w yield 3-D image information. Impulse illumination is
desirable iszertain instances of rapid target motion but may be
wmore difficulr to implement than frequency swept illumination.

It is difficult to conclude without noting some extremely in-
teresting sisllarities between wave-vector diversity (or frequency
diversity) imging discussed here and certain features of the sonar
system in mammls such as bottle-nosed Dolphins, whales and bats.

These features have been deduced or hypothesized by several workers
(14)-(17) fom observations of the remarkable acoustical behaviour,
activity duriag echo~location, and anatomical studies of these mammals
especially the Dolphin. Some of the more pertinent features which

we only list mere are: -

(a) All signals emitted are of broad-band nature. They are
either in the form of relatively long chirps (whistles), impulse
like pings or clicks of less than lmsec duration and frequency con-
tent extendisg up to 100 kHz, or low frequency barks rich in higher
harmonics.

(b) Ability to detect signals buried in noise indicating
possible cohesent or corellation processing.

(c) Evidence of the presence of a sensor array in the melon
surface with sensitivity in the 15-100 kHz which might be utilized
for reception of acoustic echos in addition to sensing velocity and
temperature. The lens-shaped fatty body of the mellon, which is
essentially soustically transparent,might also be utilized as a
variable focw acoustic lens for focusing of emitted sound on select-
ed targets.

(d) Evidence of super-resolution capabilities i.e., resolution
exceeding the classical limit of any possible available physical re-
cording apertwe, such as the melon even when assumed to be operating
at the higher frequency range of sound emissions.
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3 APPENDIX II1

N HOLOGRAPHY, WAVE-LENGTH DIVERSITY AND
™ INVERSE SCATTERING

(Paper published in Optics in Four Dimensions,
M.A. Machado and L.M. Narducci (Eds.), Am.
Inst. of Phys., New York, 1981)
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HOLOGRAPHY, WAVE-LENGTH DIVERSITY
AND INVERSE SCATTERING
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ABSTRACT

The use of wavelength diversity to enhance the performance of
thinned coherent imaging apertures is discussed. It is shown that
wavelength diversity lensless Fourier transform recording arrangements
that utilize a reference point source in the vicinity of the object
can be used to access the three-dimensional Fourier space of non-
dispersive perfectly reflecting or weakly scattering objects. Hybrid
(opto-digital) computing applied to the acquired 3-D Fourier space
data 1s shown to yield tomographic reconstruction of 3-D image detail
either in parallel or meridional (central) slices. Because of an
inherent ability of converting spectral degrees of freedom into spatial
3-D image detail true super-resolution is achieved together with
suppression of coherent noise. The similarity of our key
equations to those of inverse scattering theory is pointed
out and the feasibility of using other forms of broadband radiation
such as impulsive, noise and thermal is discussed. Finally, the
possibility of utilizing wavelength diversity imaging in microscopy and
telescopy 1s discussed.

INTRODUCTION

A frequently encountered question in the science of image formation
is how to make an avajlable aperture collect more information about
the scene or object being imaged in order to enhance its resolving
power beyond the classical Rayleigh l1imit. This process is known as
super-resolution and is relevant to all imaging systems whether holo-
graphic or conventional. There are five known methods for achieving
super-resolution. These include: weighting or apodization of the

aperture datal’z; analytic continuation of the wavefield measured over
the aperturd3’4; use of evanescent wave 111um1nations; maximum entropy

methods; and use of the time channe17. Weighting and analytical
continuation techniques are known to become rapidly ineffective as the
signal to noise ratio of the collected data decreases. Maximum
entropy techniques are known to be more robust,as far as noise is
concerned but involve usually extensive computation. Illumination
with evanescent waves is practical in limited situations where full

control of the recording arrangement exists as in microscopy, for example.
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This leaves the time channel approach in which one can collect in
time more information about the object through the available recording
aperture by altering the object aspect relative to the aperture by

means of rotation or linear motiona’g"8 or by altering the parameters of
the illumination such as directions of incidence, wavelength and/or
polarization as discussed in this paper. These latter operations are

known to increase the degrees of freedom of the wavefields impinging on

the recording aperture enhancing thereby their ability to convey information
about the nature of the scattering object. Sophisticated imaging systems
endeavor to convert the nonspatial degrees of freedom of the wavefield, e.g.,
angular, spectral and polarization to spatial image detail, enhancing
thereby the resolution capability beyond the classical Rayleigh limit

of the available physical aperture. Obviously such procedures involve

more signal processing than that performed by conventional imaging

with lens systems or holography.

In this paper we consider generalizing the holographic concept to
include wavelength diversity as a means of enhancing resolution. A
quick examination of the basic equations of holography reveals that
the lensless Fourier transform hologram recording arrangement is
amenable to this generalization. This conclusion is used then as a
starting point for a Fourier optics formulation of wavelength diversity
imaging of 3-D (three dimensional) nondispersive objects. The results
show that measurement of the multiaspect or multistatic frequency (or
wavelength) response of the 3-D object permits accessing its 3-D

_ Fourier space. The resulting formulas are identical to those obtained

from a multistatic generalization of inverse scatteringm’u’12
establishing thus a clear connection between holography and the inverse
scattering imaging problem. The inclusion of wavelength diversity in
holography is shown to have several important features: (a) the
availability of the 3-D Fourier space data permits 3-D image retrieval
tomographically in parallel or meridional (central) slices or cross-
sectional outlines by the application of Fourier domain projection
theorems ; (b) suppression of coherent noise and speckle in the retrieved
image ; (c) removal of several longstanding constraints on longwave
(microwave and acoustical) holography such as the impractically high
cost of the apertures' needed, the inability to view a true 3-D image
as in optical holography because of a wavelength scaling problem, and
minimization of the effects of resonances on the object.

WAVELENGTH DIVERSITY

We start by inquiring into the conditions under which the data
from N holograms of the same nondispersive object recorded over the
same aperture, each at a different wavelength, can be combined to
yield a single image superior in quality to . the image retrieved
from any of the individual holograms.




One approach to answering the question posed above would be to
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: determine the conditions under which the well known formulas13 for the
focusing condition, magnification and image location in holography can

N be made independent of wavelength. This quickly leads to the conclusion k

; that wavelength independence can be met if a reference point source 3

1 centered on the object is used and proper scaling of the individual :

! holograms by the ratio of recording to the reconstruction wavelength

is performed before superposition 15’24. The former condition isrequired i

Al for recording a lensless Fourier transform holograml4"29, where the
presence of the reference point source in the object plane leads to

the recording of a Fraunhofer diffraction pattern of the object rather
than its Fresnel diffraction pattern because of the elimination in the
recorded hologram of a quadratic phase term in the object wavefield.

’ This is known to result in a highly desirable reduction in the

! resolution required from the hologram recording medium and is therefore of
) practical ‘ importance especially in nonoptical holography. More

y detail of the processing involved in combining the data in multi.-

wavelength hologram can be found elsewherels.

et IR o o P

3 Additional insight into the process of attaining super-resolution
by wavelength diversity is obtained by considering the concept of
3 wavelength or frequency synthesized aperture ‘16'20. The synthesis

of a one dimensional aperture by wavelength diversity is based on
- the simple fact that the Fraunhofer or far field diffraction pattern
of a nondispersive planar object changes its scale, i.e. it "breathes”,
, but does not change its shape (functional dependence), as the wave-
3 length is changed. A stationary array of broadband sensors capable
s of measuring the complex field variations deployed in this breathing
¥ diffraction pattern at suitably chosen locations would sense different
parts of the diffraction pattern as the wavelength is altered, this

i allows collecting more information on the nature of the diffraction
p pattern, and therefore on the object that gave rise to it than if

v the wavelength was fixed (stationary diffraction pattern). Each

% stationary sensor in the array is thus able to collect, as the wave-
i length is changed, and the breathing diffraction pattern sweeps over

it, the same set of data or information collected by mechanically
scanning a sensor over the diffraction pattern when it is kept
q. statfonary by fixing the wavelength. Hence the term wavelength or
N frequency synthesized aperture.

The orientation and location of the wavelength synthesized aperture
for any planar distribution of sensors deployed in the Fraunhofer
N diffraction pattern of a planar object and the retrieval of an image

from the collected data has been treated earlier16’17. It was clear,

‘Q however, that extension of the wavelength diversity concept to the
by case of 3-D objects is necessary before its generality and practical
use could be established.



For this purpose we considered20 as shown in Fig. 1(a) an isolated
planar object of finite extent with reflectivity D(po), where Po

is a two dimensional position vector in the object plane (xo,yo). The
object is illuminated by a coherent plane wave of unit-amplitude and
of wave vector Ei = k Iki produced for example by a distant source
located at Ry. The wavefield scattered by the object is monitored at
a receiving point designated by the position vector RR belonging to a

recording aperture lying in the far field region of the object. The
receiving point will henceforth be referred to as the receiver and the

source point at the transmitter. The position vectors 60. RT and RR
are measured from the origin of a cartesian coordinate system (xo. Yor
zo) centered in the object. The object is assumed to be nondispersive

i.e., D is independent of k. However, when the object is dispersive .
such that D(po,k) = °1(°1)°z(k) and Dz(k) is known, the analysis

presented here can easily be modified to account for such object
dispersion by correcting the collected data for Dz(k) as k is varied.

Referring to Figure 1(a) and ignoring polarization effects, the
field amplitude at RR caused by the object scattered wavefield may be
expressed as,

k - -ji . ;‘ -Jk PR -
vikRg) = &K rog e T T e " &, (1)
R
where dSo is an abbreviation for dxodyo and the integration is carried
out over the extent of the object. Noting that r, = 50,- RT’ RT = -RTIk
i

T
and using the usual approximations valid here: rp - Rp + p§/ZRR -IR. Bo
for the exponential in (1) and ra = Rg for the denominator in (1) where
= Eilk are unit vectors in the “R and Ei directions

1can write eq. (1) as,

respectively, one

-jk(R, + JP.p
w(k, Ry) = %%ﬁh e IRy RR)1'0(50) e 1P - % dpys (2)

In eq. (2) we have used the fact that the observation point is in the far
field of the object,so that exp (-jkqﬁ/ZRR) under the integral sign can
be replaced by unity. In addition, p = k (Tk1 - TR) é pg ix + Py Ty +

P, Iz fs a three dimensional vector whose length and orientation depend
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‘ n-th slice
) (b)

. Fig. 1. Geometries for wavelength diversity imaging. (a) Two dimensional
N object, (b) Three dimensional object with the n-th meridional
(central) slice and cross sectional outline c shown.
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on the wavenumber k and the angular positions of the transmitter and
the receiver. For each receiver and/or transmitter present, p indicates
the position vector for data storage. An array of receivers for
example would yield therefore a 3-D data manifold as k is varied (fre-
quency diversity) or as k (=k1ki) js varied (wave-vector diversity)

The projection of this 3-D data manifold on the object plane yields
w(k,RT) because p . Py = Py » Py = DX, + PyYo where p, = k(Ik. - IR)x
and Py = k(Ik. - IR)y are the cartesian components of the projéction

Py of p on thé object plane. Accordingly eq. (2) can be expressed as,

. -j(p x P.Y,)
K -Jk(RT + R) xo + yyo
vk, Ro) = 7#‘; ¢ R S D(x4g3¥,) ¢ dx dy, (3)

Because of the finite extent of the object, the 1imits on the integral
can be extended to infinity without altering the result. The integral
in (3) is recognized then as the two dimensional Fouvier transform

D(px.py) of D(xo,yo). It is seen to be dependent on the object reflec-

tivity function, the angular positions of the transmitter and the
receiver and on the values assumed by the wavenumber k but is entirely
independent of range. Information about D can thus be collected by
varying these parameters. Note that the range information is
contained solely in the factor F = jk exp [-jk(RT + RR)]/21rRR preceeding

the integral. The field observed at R, has thus been separated into

two factors one of which, the integral, D, contains the lateral object
information and the other F, contains the range information. The
presence of F in eq. (3) hinders the imaging process since it complicates
data acquisition and if not removed, gives rise to image distortion
because R, is generally not the same for all receivers. To retrieve

an image Bf the object via a 2-D Fourier transform of eq. (3), the
factor F must first be eliminated. Holographic recording of the

complex field amplitude given in (3) using a reference point source
located at the center of the object will result in the elimination of
the factor F and the recording of a Fourier transform hologram. This

operation yields D over a two dimensional region in the px.py plane.

The size of this region, which determines the resolution of the retrieved
image depends on the angular positions of the transmitter and the
receiver and on the values assumed by k, i.e. the extent of the soectral
window used. The latter dependence on k implies super-resolution imaging
capability because of the frequency synthesized dimension of the 2-D

data manifold that is generated. Because of the dependence of resolution
on the relative positions of the object, the transmitter, and receiving
aperture, the impulse response is clearly not invariant. In fact

a receiver point situated at RR for which p is normal to the object




...............

E Plane can not collect any lateral object information because for this
- condition (p . Po = 0) the integrals in (2) and (3) yield a constant.

Such receiving point is located in the direction of specular reflection
from the object where the diffraction pattern is stationary i.e. does
not change with k. In this case the observed field is solely propor-
tional to F containing thus range information only. Obviously this
case can easily be avoided through the use of more than one receiver

which is required anyway when 2-D or 3-D object resolution is sought

sy YOI

20,21

i The analysis presented above can be extended to three dimensional
)~ objects by viewing a 3-D object as a collection of thin meridional or
. central slices as depicted in Fig. 1(b) each of which representing

! a two dimensional object of the type analyzed above. With the n-th
slice we associate a cartesian coordinate system X02Yo *Zg that

. : n n

" differs from other slices by rotation about the common Xq axis. Since
the vectors p, RT and RR are the same in all n-coordinate systems,

Y eq. (3) holds. wn(k,RR) is then obtained from projection of the three
: dimensional data manifold collected for the 3-D object on the Xo*Yon

) plane associated with the n-th slice. An image for each slice can

h then be obtained as described before. An inherent assumption in this
argument is that all slices are illuminated by the same plane wave.
This isareasonable approximation when the 3-D object is a weak
scatterer and the Born approximation is applicable,or when the 3-D
object is perfectly reflecting and does not give rise to multiple
reflections between its parts. In the latter case the two dimensional
meridional slices Dn(p° ) deteriorate into contours, such as C in

Fig. 1(b) defined by the intersection of the meridonal planes with
the i1luminated portion of the surface of the object. Accordingly
we can wrrite for the n-th meridional slice or contour,

- -3p.p .
vo(kRe) = Fro (5, ) e °n o (4)
n n
We can regard Dn(So ) as the n-th meridional slice or contour-or a

three dimensional oBject of reflectivity U(F) where ¥ is a three

dimensional position vector in object space. This means that ﬁ

Dn(p ) = U(r) &(z_ ) where § is the Dirac delta "function".
: o cn :
] Consequently eq. (4) becomes, N
: by
3
=
T}
:
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3
’ 8
U . -3p.p, -
N Vy(koRg) = F S U(r) 6 (zon) e n doo
[ ] -p.F (5)
G =F fu(r) s (zo ) e dr
& n
;ﬁ where dr designates an element of volume in object space and where
T the last equation is obtained by virtue of the sifting property
i of the delta function.
‘ﬁz After summing up the data from all slices or contours of the object
) we obtain,
T -
5 _ -jp.r  _ _
’ ty =FLUF) e dr = y(p) (6)
‘ nn
b1
N because
Y
)
?T ﬁ u(r) 6 (zon) = U(r).
32 On assuming that the Factor F in eq. (6) is eliminated as before,
X equation (6) reduces to
¢ . _. -¥p.r _
% ¥(p) =sU(r) e dr (7)
o which is the 3-D Fourier transform of the object reflectivity U(r).
I Thus, wavelength diversity allows one to access the 3-D Fourier space
‘ of a nondispersive object and provides the basis for 3-D Lensless
o Fourier transform holography. An alternate formulation of super-
i resolved wave-vector diversity imaging of 3-D perfectly conducting
) objects is possible22 by extending the analysis of the inverse
3? scattering imaging prob]emw’n to the multistatic case, along lines
- that are similar to but somewhat different from those given by Razlz.
P2 The resulting scalar formulas are identical to (7) thus establishing
:§ the connection between the holographic and the inverse scattering
A approaches to the imaging problem.
[~
" THREE DIMENSIOHAL IMAGE RETRIEVAL
fl The above considerations of multiwavelength holography have pro-
v vided a means by which the 3-D "~urier space of the object can be
5y accessed by employing snychronous detection. It is clear that once
= the 3-D Fourier space data is available, 3-D image detail can be
- retrieved by means of an inverse 3-D Fourier transform that can be

LR

carried out digitally. Alternately, holographic techniques
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can be invoked again. Fourier domain projection theorems“~ that are

dual to the spatial domain projection t:heor'emz‘r”z6 can be applied to
the Fourier space data to produce a series of Projection holograms
from which 2-D images of meridional or parallel slices of the object

can be retrieved on the optical benchzo. This procedure does not

involve any specific scaling of the size of the optical hologram
transparency relative to the size of the original recording aperture *
by the ratio of the recording to the reconstruction wavelengths as

in longwave holography there the scaling necessary for viewing a 3-D

image free of longitudinal distortion ususally leads to an impractically
minute equivalent hologram transparancy that cannot be readily viewed

by an observer. The lateral and longitudinal resolutions in the

retrieved image depend now on the dimensions of the volume in Fourier

space accessed by wavelength diversity. This volume depends, in turn, on the
wavelength range and on the recording geometry. Thus the longitudinal
resolution does not deteriorate as rapialy with range as in

conventional monochromatic imaging systems.

An example of computer simulations of frequency diversity holo-
graphic imaging of a 3-D object consisting of eight point scatterers
distributed as shown in Fig. 2 is given in Fig. 3. Shown in Fig. 3 are
three weighted Fourier domain projection holograms and the corresponding
optically retrieved images for three equally spaced parallel slices
of the object containing distinguishable 2-D distributions of scatterers.
The simulated recording arrangement shown in Fig. 4 consisted of an
array of 16 receivers equally distributed on an arc extending from ¢ =

40° to ¢ = 77.5° surrounding a central transmitter capable of providing
plane wave illumination of the object. The results shown were obtained
with microwave imaging in mind assuming a frequency sweep of (2-4)GHz.

They clearly indicate a lateral and longitudinal resolution capability

of the order of 25 cm. Wider sweep widths yield better resolution.

Fgr example a (1-18)GHz sweep would yield a 3-D resolution of the order
of 1.5 cm.

DISCUSSION AND CONCLUSIONS.

Seeking means by which the information content in a hologram can
be increased, for example by wavelength diversity,we have arrived at a
formulation of 3-D Lensless Fourier transform holography capable of
furnishing 3-D image detail tomographically. This ability of
producing 3-D images in slices from coherently detected wavefields -
enables us to regard the method also as coherent tomography. The Fourier
space accessed in the above fashion by wavelength diversity can be
viewed as a generalized 3-D hologram in which one dimension has been
synthesized by wavelength diversity. Such a generalized hologram
contains not only spatial amplitude and phase data as in conventional
holography, but also spectral information. Consequently, it can yjeld better
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resolution than the classical Rayleigh 1imit of the available aperture
operating at the shortest wavelength of the spectral window used. This
super-resolving property is further enhanced through an inherent sup-
pression of the effects of object resonances and speckle in the retrieved
image; the latter property is a consequence of the fact that frequency
diversity tends to make the impulse response of the system unipolar and
to resemble that of a non-coherent imaging system that is free of speckle

and coherent noise artifacts'>. Further enhancement of information_content

and resolution can be achieved by polarization diversity where the p space
can be multiply accessed for different nonredundant polarizations of the
illumination and the receivers and the resulting polarization diversity
images added either coherently or non-coherently in order to achieve a

degree of noise averaging as discussed elsewherels.

The removal of several longstanding constraints on conventional
longwave (microwave and acoustic) holography attained through the use
of wavelength diversity as described here leads to a new class of imaging
systems capable of converting spectral degrees .of freedom into 3-D image
detail, and thus of furnishing true super-resolution. Wavelength diversity
is applicable to the imaging of two classes of objects: perfectly
reflecting objects of the type encountered in radar and sonar,and weakly
scattering objects of low or known dispersion of the type encountered
in biology and medicine. The practical application of the concepts
presented here to optical wavefieldsis presently under consideration.
The availability of tunable dye lasers and electronic imaging devices

- suggest interesting possibilities of three dimensional wavelength

diversity microscopy. Here one can conceive of an arrangement in

which a minute semitransparent object with homogeneous or known dispersion
is transilluminated by a collimated coherent 1ight beam from a tunable
dye laser which can also be made to provide a coherent reference point
source in the immediate vicinity of the object. The resulting reference
and the object scattered wavefields are intercepted by the photocathode
of an electronic imaging device of known spectral response such as a
vidicon. Because of the minute size of the object, the photocathode

can easfly be situated in the far field of the object. Thus nearly a
lensless Fourier transform hologram recording arrangement results. The
spatial frequency content in the resulting hologram is therefore expected
to be sufficiently low to be resolved by a high resolution electronic
imaging device. By recording and digitally storing the resulting detected
hologram fringe pattern as a function of dye laser wavelength one can
gain access to the 3-D Fourier space of the object, since Tki and IR

are precisely known for the recording geometry.

A similar recording arrangement can be envisioned in the active
coherent imaging of a distant reflecting object (active telescopy) where
the object can be made to furnish a reference point source situated on
its surface, such as a wavelength independent stationary glint point or
an intentionally placed retroreflector. Because in such an arrangement
the reference and the object wavefields travel over the same path,
atmospheric effects are expected to be minimized. The generation of an
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object derived reference geometry in longwave (microwave and acoustic)
wavelength diversity imaging has been described elsewhére2°’27.

Finally it is worthwhile to note that since the scattering process
is Tinear the multiaspect or multistatic frequency or wavelength
response measurements referred to in this paper can be obtained also
by measuring the multiaspect impulse response followed by a Fourier
transformation of the individual impulse responses that have been -

measuredlg. This means that impulsive illumination can also be
utilized. Because the impulse response of a linear system can be
measured by using random noise excitation and by cross-correlating

the output with the inputlg. the possibility also emerges of using
random noise (white 1ight) illumination and cross-correlation detec-
tion rechniques as a means for accessing the 3-D Fourier space of
the object. .
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APPENDIX III

‘ THE VIRTUAL FOURIER TRANSFORM AND ITS APPLICATION
" IN THREE DIMENSIONAL DISPLAY

~ ‘ (Paper published in Optics {n Four Dimensions M.A.
Machudo and L.M. Narducci (Eds.), Am. Inst. of Phys.,
New York, 1981)
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P THE VIRTUAL FOURIER TRANSFORM
AND ITS APPLICATION IN THREE DIMENSIONAL DISPLAY

1& N.H. Farhat and C.Y. Ho

a University of Pennsylvania

S The Moore School Graduate Research Center

N Philadelphia, PA 19104

ABSTRACT

3:3' _

i In contrast to the well known and widely used instantaneous

Fourier transforming property of the convergent lens in coherent
(laser) light, the "Virtual Fourier Transform" (VFT) capability of
. the divergent lens is less widely known or used despite many advantages.

§? We will review the principle of the VFT and discuss its advantages in

12 certain applications. In particular a method for viewing the virtual

Y Fourier transform of a two dimensional function with the naked eye
using an ordinary point source will be presented. A scheme for three-
dimensional image display based on a "Fourier domain projection theorem"

e utilizing varifocal VFT is described and a discussion of the properties

iﬁ of the displayed image given.

INTRODUCTION

i

'gi Several sophisticated three dimensional (3-D) imaging techniques

ﬁ% such as x-ray tomographyl. electron microscopyz, crystallographyz,

ey wave-vector diversity imaging and inverse scattering3. involve measure-

ments that give access to a finite volume in the 3-D Fourier space of
L2 a 3-D object function. A 3-D image of the original object can then
‘3. be reconstructed by computing the inverse 3-D Fourier transform. The
X retrieved 1amge normally represents the spatial distribution of a

% relevant parameter of the object such as absorption, reflectivity,

= scattering potential, etc.

Obviously, the required inverse transform can be performed digitally.
Digital techniques however often preclude real-time operation partic-
ularly when the object being imaged 1s not simple but contains consider-
able resolvable intricate detail. More importantly, because of the
{nherent two dimensionmality of CRT computer displays,direct true 3-D
image display is not possible. Present day computer graphic displays
are capable of displaying 3-D image detail either in separage cross-
sections or slices, or in a computed perspective (isometric) view of
the object, or in some instances stereoscopically where an illusion of
8 3-D scene is created in the mind of the observer who is required

usually to use special viewing glasses'S. |
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Hybrid (opto-digital) computing techniques offer an alternate
approach to 3-D image retrieval from 3-D Fourier space data. They
furnish as shown in this paper the ability to display true 3-D image

detail. The approach is based on "Fourier Domain Projection Theorems"z’3
that are dual to "Spatial or Object Domain Projection Theorems" used in

radio-astronomy’  and tomographyl. These theorems permit the recon-
struction of 3-D image detail tomographically* i.e. in slices from

2-D projections of the 3-D Fourier space data2’3. Although the required
2-D Fourier transform can be carried out digitally, the emphasis in

this paper is on coherent optical techniques for performing the 2-D
Fourier transform.with particular attention to implementations that
permit the execution of the necessary 2-D optical transforms of the
varifous projection hologram sequentially in real-time. Specific
attention is given to a technique that atilizes the virtual Fourier
transform which permits the viewingofavirtual 3-D image in real-time.

FOURIER DOMAIN PROJECTION THEOREMS

There are two Fourier domain projection theorems. One leads to
tomographic object reconstruction in parallel slcies and is called the
“weighted Fourier domain projection theorem’; the other leads to
tomographic object reconstruction in meridonal or central slices and
can therefore be called the "meridonal or central slice Fourier domain
projection theorem'

We_begin by considering a 3-D object function f(r) with r =_
xIx + ny + zlz befng a position vector in object space. Let F(w)
be the 3-D Fourier transform of f(r) defined by,

=Wt
Fiw) = s f(r)e dr (1)

where dr = dx dy dz and w = "xIx + w&ly + "zIz is a position vector
in the Fourier or spatial frequency domain.

Consider next the projection of F(w) on Wy oWy plane defined by,

Fp(wx.yy) = ‘z F(w) dwz . (2)

and combining eq. (1) and (2),

-j(wxx +yyy +wzz)

Fplwgow,) = &z{;g f(x,y,z)e dxdydz}dw, (3)

:;;om the Greek work Tomos meaning slice.
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Integrating with respect to w, first and assuming that the volume in
w space occupied by F(w) is sufficiently large we obtain,

=J(w x + w y)
Folwew,) = {{{ f(x.y,2) & (2)e Ty dxdydz (4)

= § § flx.y,0) e'm"x "y )dxdy (5)

The 2-D Fourier domain projection Fp(wx,yy) and the central slice

f(x,y,0) through the object form thus a Fourier transform pair. This
may be symbolically expressed as,

Fo(ww ) > f(x,y,0) (6)

Other parallei slices through the object at z = z., 2z, being a

. constant describing the z coordinate of the n-th parallel slice, can

in a similar manner be related to "weighted" Fourier domain projections
of F(w) defined by, '

Jznwz :
Fp.n (wx.yy) = éz F(w)e - dw, : (7)

Making use of eq. (1) and again performing the integration with respect
to w, first we obtain,

Fp’n (Wxswy)ﬁf(xa.yszn) ' (8)

which indicates that the weighted projection Fp n(wk.yy) and the n-th
| ]

parallel object slice f(x.y.zn) form a Fourier transform pair.
Equation (6) is seen to be a special case of eq. (8) when z, =o.

Given the 3-D Fourier space data manifold F(w) one can digitally
compute and display a set of "weighted projection holograms" F

A corresponding set of images of parallel slices or cross-sectional
outlines of the 3-D object can then be retrieved via 2-D Fourier
transform operations which can most conveniently be carried out
optically from photographic transparency records of the weighted
projection holograms displayed by the computer.
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Returning to eqs. (1) and (2) one can also show that projections
of F(w) on arbitrarily oriented planes other than the wx,yy plane

chosen for eq. (2), yields "meridonal projection holograms” that are
2-D Fourfer transforms of corresponding merdional (central) slices
of the object. This is the "meridonal Fourier domain projection
theorem. It furnishes the basis for angular multiplexing of the
resulting meridonal projection holograms into a single composite
hologram which can be used to form a 3-D iamge of the object in a

manner similar to that in integral ho'lography8 which is increasingly
being referred to as Cross holography*.

THE VIRTUAL FOURIER TRANSFORM

In contrast to the well known spatial Fourier transforming pro-

PGFFYQ of theconvergent lens widely used in coherent optical computing,
the complementary virtual Fourier transform capability of a divergent

lens10 is less widely known or used despite many attractive features.
This 1s surprising since the power spectrum associated with the VFT
is a phenomenon that is frequently observed in daily 1ife when one
happens to 1ook at a distant point source such as a street light
through a fine mesh screen or the fine fabric of transparent curtain
material. The spectrum of the screen transmittance appears then as
a virtual image in the plane of the point source.

The VFT concept of the divergent lens i{s easily derived from the
Fourier transform expression of the convergent lens. Figure 1 illustrate
the well known process of forming a real Fourier transform with a
convergent lens. The object transparency, with complex transmittance
t(x_,y.), is placed at a distance d in front of a convergent lens of
focdl ?qngth F and 11luminated with a normally .incidnet collimated
laser beam. The complex field amplitude of the wavefield in the
back focal plane, the transform plane, is given by the well known formula

k dy,.2 2
-85 1(1 -
T(x..Y) = -i-l e Jz [( F)(x Ty )]

k
- Fxx +yy)
F o . 0
X {i t(xo,yo) e dxody° (1)
in which the integral is recognized as the two dimensional Fourier
transform of the object transmittance. T(x,y) becomes the exact
Fourier transform of t(xo.yo) when d = F that is when the object

transparency is placed in the Front focal plane of the lens. The
power spectrum associated with the transform is real and can be
projected on a screen placed in the back focal plane. It is also
well known that a scaled version of the transform can be obtained
in the back focal plane by placing the object tranparency in the

converging laser beam to the right of the lensg.

*Named after Lloyd Cross the originator of integral holography.
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Fig. 1. Real Fourier transform formed with a convergent lens
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Fig. 2. Virtual Fourier transform formed with a divergent lens




<8

(g o)

P M )
“alaldlaa

)

’ j ::'A.:'A.l'_ A

Noting that eq. (1) does not change when we replace d by -d,
F by -F, Xo and Yo by Xy and Y, respectively, we. can arrive at the

complementary VFT arrangement illustrated in Fig. 2. An inverted
transparency t(xo.yo) is placed now in the divergent coherent beam

to the right of the divergent lens (of focal length -F) and a VFT
given by eq. (1) is observed in the virtual focal plane of the lens.
The same VFT can be seen by removing the divergent lens and replacing
"~ the laser beam with a point source placed at the origin of the VFT
plane as depicted in Fig. 3. Thus a simple way of viewing the power
spectrum associated with the VFT of a given diffracting screen

(which is usually a Fourier transform hologram or a projection
hologram of the type described above) is to hold the screen close

to the eye and look through it at a distant bright point source. The
point source used need not be derived from a laser. In fact it is
preferable for safety purposes to use an LED or a spectrally filtered
minute white 1ight source such as a "grain-of-wheat" subminiature
incandescent lamp or a miniature Christmas tree decorating lamp
covered by a color or interference filter. This has the added
ddvantage of furnishing a measure of control over the coherence proper-
ties of the wavefield impinging on the screen providing thereby a
means for reducing coherent noise in the observed VFT and also, as
will be ‘'Yscussed below, a means for coherent or noncoherent super-
post/ .- of VFT's. As the distance of the point source from the

di.” «<ting screen is decreased in order to make it compatible with
typic.1 laboratory or optical bench dimensions, the size of the
observed VFT decreased because of the change in the curvature of the
wavefield 111luminating the diffracting screen. To compensate for this
effect it is necessary to reduce the size of the diffracting screen or
transparency often to such a scale where viewing the VFT throught the
small available aperture becomes difficult. To overcome this limitation
the displacement property of the Fourier transform can be utilized.

A composite transparency containing an ordered or random array of
reduced replicas of the transmittance function t(xo,yo) arranged side

by side as illustrated in Fig. 4 is prepared. When such a composite
transparency is viewed with the point source, the VFT's formed by the
individual elements will overlap in the virtual Fourier plane. The VFT's
are identical except for Linear phase dependence on x,y which depends
in each VFT on the central position of each element in the composite
transparency. This leads to a desirable noise averaging effect and
the appearance of fine checkered texture in the image detail. A1l
this leads to an enhancement of the quality of the observed power
spectrum. Both coherent and noncoherent superposition of the over-
lapping VFT's is possible using this scheme by varying the coherence
area of the wavefield illuminating the composite transparency. When
the coherence area is roughly equal to the size of the individual
elements of the composite transparency noncoherent superposition
results, while a coherence area equal or greater than the size of the
composite transparency would yield coherent superposition.
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Fig. 3. Arrangement for viewing a virtual Fourier transform with a
point source

'wl.
Y

KR AF P

’ R
AT - e b

- ' .'!.':—.;.‘ u‘- gy

- _<
+ e Aually

3 '-i‘

Fig. 4. A composite screen consisting of an ordered array of identical
Fourier transform projection holograms.
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THREE DIMENSIONAL DISPLAY

The VFT concept and the "weighted Fourier domain projection theorem"
discussed above can be combined in an attractive scheme for the recon-

- struction and display of a 3-D image from a series of weighted projection

holograms corresponding to different parallel slices through the object.
The scheme is based on viewing a series of weighted projection
holograms sequentially in the proper order of the occurance of their
corresponding slices in the originalobject while displacing the point
source axially for one hologram to next by an axial increment proportional
to the spacings bwtween adjacent object slices. In this fashion the
reconstructed virtual images of the various slices are seen in depth

at different VFT planes that are determined by the positions of the
axially incremented point source. Repeated rapid execution of this
procedure by displacing the point source back and forth leads the
observer to see a virtual 3-D image tomographically in parallel slices
or sections as he looks through the series of projection holograms
passed rapidly, as in a motion picture film, infront of his eyes.

More specifically the scheme is based on preparing a series of
N weighted Fourier domain projection holograms from the 3-D Fourier
domain data F(w) of a given object f(r) as described in the preceeding
sections. Each of the projection holograms would correspond to a
different parallel slice through the object. A composite transparency
similar to that shown in Fig. 4 is formed for each projection hologram.
In fact Fig. 4 is an example of a computer generated composite hologram
containing an array of identical weighted projection holograms corres-
ponding to one slice of the test object shown in Fig. 5. The test
object chnsen consisted of eight point scatterers arranged as shown.
The 3-D Fourier space of this test object was accessed in a computer
simulation of wavelength diversity imaging as described in acompanion
paper in this volume*._The resulting computer generated Fourier
space data manifold F(w) was used to compute three weighted progection
holograms corresponding to the three planes Ré=1m,0,1m of Fig.

containing the three different distributions of point scatterers. A
composite array such as that of Fig. 4 was formed and displayed by the
computer for each of the three projection holograms, each was photo-
graphed yielding a set of three projection hologram composite trans-
parencies. Copies of these were then mounted on a rotating wheel as
shown in Fig. 6 (a) and viewed with an axially scanned point source.
Four sets of transparency copies of these three composite projection
holograms were mounted in the order 1,2,3,2,1,2 ... on the periphery
of a rotating wheel as shown in Fig. 6 (a). The wheel is driven by

a computer controlled stepper motor. The axially scanned point source
was produced by scanning a focused laser beam back and forth on a
length of fine nylon thread with the aid of a deflecting mirror mounted
on the shaft of a second computer controlled stepper motor as shown in
Fig. 6 (b). The laser and optical bench arrangement for forming the
scanned focused beam appear in the background of Fig. 6 (a). The
computer controlled steppers enable precise positioning of the secondary
point source on the scattering thread in synchronism with the hologram

#Jee paper entitled "Holography, Wayelength Diversity Inverse
Scattering” in this volume. ‘
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Fig. 6. Quasi real-time three-dimensional image reconstruction and
tomographic display in successive slices from a series of
projection holograms mounted on rotating wheel seen in fore-
front of (a); Detail of laser scanner used to produce
1inearly scanned point source is shown in (b).
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i befng viewed so that the VFT are formed in their proper planes. A
éj viewer looking at the axially displaced point source through each

transparency mounted on the wheel as it passes infront of his eye

. will see a 3-D virtual image. Photographs of the three virtual images

: seen by an observer in this fashion are shown in Fig. 7. An opto-

; digital scheme for rapid real-time implementationof the procedure realized
above is shown in Fig. 8. This scheme, presently under study, utilizes

§§ a rapid recyclable spatial 1ight modulator (SLM) such as the Itek. PROM
in order to form VFT's of the projection holograms displayed by the

computer in real-time.

:ﬁl CONCLUSIONS

e We have presented the basic principles of tomographic 3-D image

’ display based on Fourier domain projection theorems. One possible

. implementation of the principle using the virtual Fourier transform
‘f and a series Fourier domain projection holograms has been described.
b There are several advantages for using the VFT rather than the real
Y Fourier transform (RFT), the most important of which is the ease with
2:? which the position of the VFT plane can be moved axially by simply

= moving the position of the reconstruction point source. The VFT approach
ee was adopted in the present study because it is much easier to move a
g; point source rapidly than to move the display screen needed in the RFT
LN approach. Furthermore focusing in the VFT approach is carried out by
= the observer while in the RFT approach it must be performed by the
BN system. Other attractive features of the VFT are:
- (a) Simplicity - enables direct viewing of the power spectrum
R of a transparency or a hologram with a variety of simple point
3 sources.
EQ (b) The scale of the observed VFT can be easily altered by
changing the distance between the projection hologram transparency
4 and the reconstruction point source.
! (c) Lower speckle noise and therefore higher reconstructed image
3 quality can be attained by using nonlaser point sources in the
. reconstruction such as LED or miniature spectrally filtered
- incandescent lamps. Further reduction in speckle noise occurs
v, when an array of the projection hologram rather than a single
,;§ hologram is used and when the holegram is slightly vibrated or
4{; is in motion because of a noise averaging effect.
I
b3 (d) Coherent and noncoherent superposition of VFT's is possible
, by altering the coherence area of the reconstruction wavelfield.
%
?\ (e) Because of the Fourier transform nature of the projection
}% holograms utilized, the resolution requirements from the
storage medium (photographic film or the CRT/SLM system of Fig. 8)

W are much lower than would be needed in the recording of a Fresnel

hologram of the object as a means of 3-D image display. The 3-D
image detail contained in the single Fresnel hologram is now
distributed over a serfies of lower resolution projection holograms
which are used to form the 3-D image sequentially in time in
indiyidual slices.
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(f) Because 3-D image reconstruction is tomographic (in separate
slices) there is no interference between the wavefields forming
the various slices.

(g) Permits other forms of 3-D image display involving spatial or
angular multiplexing in a fashion similar to integral holography.
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APPENDIX IV

FREQUENCY SWEPT TOMOGRAPHIC IMAGING OF THREE-
DIMENSIONAL PERFECTLY CONDUCTING OBJECTS

(Paper published in IEEE Trans. on Ant. and
Prop. Vol. AP-29 - Special Issue on Inverse
Methods in Electromagnetics, March 1981)
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Frequency Swept Tomographic Imaging of Three-Dimensional Perfectly
Conducting Objects
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Abstrect—The use of frequency swept or frequency diversity
techniques to achieve superresolution in the imaging of three-di-
mensional perfectly conducting sbjects is studied and demonstrated
by computer simulations. The frequency swept imaging concept is
found te be 3 generalization of the inverse scattering theory. By
inveking Fourier domaia prejection theerems. it is demeastrated
anslytically that images of separate slices of three-dimensional targets
can be obtained, thus establishing the feasibility of a tomographic
radar. Computer simulation results that verify these theeries for

extended snd composite point scattering objects are presented.

L. INTRODUCTION

NE OF THE MAIN design objectives of a microwave

imaging system is to have good image resolution. It would
be highly desirable if the microwave resolution can approach
that of an optical imaging system. Such high resolution cou-
pled with the excellent penetration of microwaves through
dielectrics, inclement weather, and low-loss materials can lead
to important advances in radar, nondestructive testing, and
certain types of medical imaging with ultrasound substituting
for microwaves. The attainment of high resolution by con-
ventional means is, however, not an easy task because of
practical limitations stemming from the fact that microwaves
are more than 10° times longer than optical wavelengths. It
is easy to show using the well-known classical Rayleigh cri-
terion for estimating the two-point resolution of an imaging
system that in order to make a microwave imaging system
operating, for example, at 15 GHz attain the same angular
resolution as a S-cm diameter optical aperture operating at
a mean wavelength of 0.5 um, the recording aperture for
the microwave imaging system has to be 2 km in size. The
number of coherent receivers nesded to adequately sample
the object scattered field over such an aperturs would be
prohibitively large rendering the whole idea economically
unattractive even if technically feasible.

Becsuse of the rapid growth of microwave remote sensing
in both military surveillance and civilian applications such as
peological exploration and all-weather radar systems for
sircrafts, there is a comstant demand for improvement of

predicted by the Rayleigh resolution criterion as applied to
the available recording aperture. The basic idea normally
involved is to extend the effective area of the physical re-
cording aperture through clever mathematical data proces-
sing techniques or data acquisition schemes. In this fashion,
by synthesizing an effective receiving aperture larger than the
actual physical aperture of the imaging system, resolution
better than the classical resolution limit of the available
physical aperture, or in other words, superresolution, is
achieved. However, most of these methods are either ex-
tremely sensitive to noise or are only applicable in tightly
controlled environments [1]-(10). The term superresolu-
tion is customarily associated with analytic continuation
methods where the complex field amplitude recorded over
2 specified aperture is utilized to compute the values of the
field outside the aperture boundary. In this way, one can
progressively determine the complex field amplitude over
an area larger than the physical aperture available and achieve
thereby higher resolution than that determined by the data
recorded over only the physical aperture. It is in this sense
that the term superresolution is used in this paper. We record
the field over a given finite aperture at several frequencies or
over a given frequency range, then sort out the data to syn-
thesize a larger size aperture that gives rise to a superresolved
image; i.e., an image of higher resolution than that obtained
with the original monochromatic physical aperture. A most
practical and effective method in achieving superresolution,
in the authors’ opinion, is through the utilization of the ‘“time
channel” whereby one collects in time more information
about the scattering object or equivalently synthesizes added
dimensions to the available recording aperture [(11]. The well-
known principle of the synthetic aperture radar (SAR) and the
frequency swept imaging (FSI) principle described in this
paper represent two examples that utilize the time channel
to increase the amount of information collected and thereby
also resolution. In the SAR example a time derived two-
dimensional aperture is synthesized by either motion of the
monostatic transmitter-receiver pair (12), [13]), [35] or
motion of the target [14] ‘and by sweeping of the ground

T imagu resolution. Towards this goal, different attempts have swath with the illuminating pulse. In FSI, the linear FM or
e bsen made to try and achieve a resolution better than that chirp signal produced by a transmitter is used to synthesize
1 added dimension to the recording aperture. No motion of
. ':z Msnuscript received September 26, 1979; revised November 24, 1980,  tither transmitter-receiver or target is necessary for this
% This work was supported ia pert by the Alr Forcs Office of Scientific imaging scheme. These methods are much more practical in

Ressarch, Air Force Systoms Commend wunder Graat AFOSR-77.
3256A sad in pert by the Army Ressarch Office uader Grant DAAG29-
nc-om.mmnauumu.mmrm«n
to the Univensity of Peansyivania in pertial fulfiiiment of the require-
ments for the Ph.D. degres.
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schieving superresolution than the techniques mentioned
earlier because additional data are not extrapolated but are
actually gathered by relative motion between the object,
the transmitter, receiver, or as in FSI, by frequency sweep-
ing or frequency diversity.

The concept of synthesizing an imaging aperture by fre-
quency sweeping was analyzed by Farhat [15] and also
studied later by Jain [16]. It was found that by sweeping

University of Penasyivania, Philadelphia, PA 19104, the frequency of the incident illumination, a one-dimen-
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sional aperture can, under certain circumstances, be syn-
thesized with a single coherent receiver. In the case of a linear
srray of receivers, a two-dimensional recording aperture can
be generated [17). Direct extension of the FSI concept to
the imaging of three-dimensional objects is not straightforward
becsuse of the limitations of the Fresnel Kirchhoff diffrac-
tion integral formulation to one- and two-dimensional dis-
tributions. An approximate Fourier optics approach is pos-
sible, however [32). Here a more precise formulation is
developed.

It was shown in 1969 by Bojarski and Lewis [18], [19])
that a three-dimensional Fourier transform relationship
exists betwesn the shape of a three-dimensional perfectly con-
ducting object and its backscattered far field. It was found
that by recording the monostatic backscattered far field at
different frequencies and target aspect angles, the three-
dimensional shape of the object can be retrieved.

In this paper, we will show that the extension of the FSi
concept to three-dimensional objects is a multistatic general-
ization of the work of Bojarski and Lewis which was also
studied by Raz (20]. It will also be shown that by chirping
the transmitted signal and receiving the target echoes by a
two-dimensional receiver array, a space-time signal containing
the three-dimensional far-field spectrum of the target is re-
corded. By using the Fourier transform property between the
three-dimensional object and its far-field images of slices of
the three-dimensional object can be reconstructed. The con-
cepts discussed are verified for both extended and point ob-
jects employing computer generated data and hybrid (digital/
optical) data processing in the image reconstruction. Although
the discussion refers specifically to frequency swept tech-
niques, it will be clear that other frequency diversity .tech-
niques such as frequency stepping or simultaneous muiti-
frequency illuminstion and reception with channelized re-
ceivers are equally spplicable.

1. THE THEORY OF FREQUENCY SWEPT IMAGING

It is well-known ([19], [21], (22] that in the physical
optics approximation the scattered far field for a perfectly
conducting object illuminated by a plane monochromatic
wave is given by

E, -

Eipoy= 2 einers / / A pe R ag )
4R F

whers 5 = kg —~ k and, as shown in Fig. 1, (R + R,) is the

round trip distsnce between the transmitter, scstterer, and

the recsiver. k is the incident wave vector slong the line from

transmitter to center of scatterer, kg is the “‘scattering” wave

vector in the direction of the observer along the line from the
center of the scattersr to the receiver at Py which is located
in the far fisld of the object. Sy is the {lluminated surface
of the scatterer, & is the outward normal, and de’ is the dif-
ferential surface element. The result in (1) shows that for
the’ cess of plane monochromatic incident illumination, the
scattered far field recorded by the recsiver can be expressed
in two parts: 1) the exponential term ¢~ /*(R*R¢) yhich ac-
counts for the propagstion time delay from the transmitter
to the center of the scattering object and back to the re-
ceiver; 2) the integral which is characteristic of the scat-
ering body.

When the incident illuminstion is nonmonochromatic or

Fig. 1. Scattering geometry. Incident plane wave with wave vector k is
scattered by three-dimensional perfectly conducting object. Scattered
far field is recorded by receiver at location R.

broad-band, e.g., linear FM, i.e.,

2

£ = Egd 1 7)) @

the scattered far field is given by (5]
R+R,
s (-22)
EfR,t)=—j // n
o 4%R Sin
- B(eFR g @

where :

P(e) = k(e)im — 1) 4)

and k(¢) = k (1 + 1) is the time dependent wavenumber
for the linear FM transmitted wave, with ¥ being the chirp
rate iy, and i, are unit vectors in the direction of ko and k,

ly.

Equation (3) shows that when the incident illumination
is 8 chirp waveform, the scattered far field recorded by a re-
ceiver i3 also a chirp but time delayed by the propagation
time and modulated by a time dependent integral that is de-
pendent on the structure of the scatterer and the directions
of illumination and observation. Comparing (1) and (3) re-
veals the similarity between the two cases. The difference in
the FSI case is that by illuminating the three-dimensional
perfect conductor with a time dependent wave form (chirp),
the recorded scattered far field that characterizes the scat-
terer is also time dependent. It is this time dependent integral
in (4) which gives rise to the image of the scatterer.

HI. FREQUENCY SWEPT IMAGING AND
INVERSE SCATTERING

In this section, the relationship between bistatic FSI and
the inverse scattering imaging problem is discussed. It is
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found that FS] is a multistatic generalization of the work
of Bojarski and Lewis [18], (19].

The surface integral in (3) can be defined as p[p(1)] as
follows:

oRO) =~ == 7+ ()P R g )

where p{p(2)] is 2 function of the directions of the incident
illumination (iy) and the receiver (i, ) and the nature of the
illuminated surface of the object. The quantity #*p can be
regarded as a scattering strength of a surface element into
P space. Equation (3) can now be written as

R +R,
E‘ t—

(3 -
iR plp()].

Following a reasoning similar to that in Raz {20] with
P now being a function of time 7, it can be shown_[33l that
p(p(1)] is related to the characteristic function O(R’) of the
target by

EfR,t)= )

/ ORI R g3’

whole
R’ space
\/_
+ 0%~ 7
Bk {oP(e) + p*(—H31} )
where
1, Riav
R')= -
k) l 0, R'notin v’ ®
with ¥’ being the shaped volume of the object.
We define
nae) = ] OR')eP R g3g', ©®
\vhoh

It is evident that I'[p(¢)) is a three-dimensional spmal Fourier
transform of the characteristic function O(R’). In terms of
plp(0)) which can be derived from the measured data as
indicsted in (6),

e = —— 3 p(\/); (o A(T)) + p*(—P(1)]} (10)

i s s
e et G CO RIS U

where a is the angle between the transmitter the center of the
scatterer and the receiver as shown in Fig. 1. We note from
(4) that although 7(¢) is & function of time ¢, it can be treated
ss an independent varisble permitting the rewriting of (9) in

the form

re) = f O(R")elP*R" @R’ (12)
_whole
R’space

The three-dimensional shape of the scatterer can therefore
be reconstructed by inverse Fourier transforming I'(p). i.e.,

o) = /

whole
P - space

r@)e-7% 4%p (13)

where d3p is an element of volume in 7 space.
When I'(p) is only measured in a finite portion of p space,
a sampling function H(p) can be defined as

where I is measured

l’
= 14
o o

elsewhere.

In th:s situation a diffraction limited characteristic function
Od(R '), or three-dimensional “‘image” is expressed as

04(R") = ] rEHG@)e PR a%p as)
_whole
Ppace

= O(R") ® h(R") (16)

where @ denotes a three-dimensional convolution operation
and h(R) is the three-dimensional Fourier transform of the
sampling function H(P)

For radar imaging applications, where it is impractical to
illuminate the front and back side of the target as required
above and in {8], Lewis [20] suggested treating the scat-
tering object as symmetrical about the contour dividing its
illuminated and dark regions. In this situation,

p[—P()] = p[5(1)] a7n
and (21) is reduced to
Mae) = Ny Re {p{7(n]}. (18)

k2(X1 + cos @)

Now we are in a position to determine which part of the
P space is accessed by the data ['(7) recorded by means of the
geometry of Fig. 1 when the incident illumination is a linear
FM. From the definition of p(¢) in (4) i.e., p(¢) = k(t)(a,,. -
lx). it is evident that for a fixed transmitter and receiver
position, 1P(¢)| is linearly proportional to k(r), the incident
wavenumber. As the imaging chirp frequency increases, the
wavenumber varies linearly from k(T = 0) = k, to k(¢ = T) =
kg = k(1 + 77) and the vector p(t) assumes the values on a
straight line from p(O) = k.(l,,, ix) to p(t) = kz(i,,, z,)
in the direction (i - 1,‘) Fig. 2 shows the position of this
P space scan line when for convenience the center of the three-
dimensional scatterer is chosen to coincide with the center of
the three-dimensional p space. Figs. 3 and 4 show that when
there are more than one receiver, ['(p) data is recorded along a
group of 7 space scan lines each having a different directional
vector (s —iy ) depending on receiver position.
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Fig. 2. Scan line B(7) in three-dimensional § space produced by FSI
with receiver located at R and three-dimensional scatterer directly
above transmitter 7.
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Fig. 3. P-space scan lines generated from three receivers.

The result of this section shows graphically that frequency
diversity techniques employing a two-dimensional array of re-
ceivers and one or more transmitters allow accessing a finite
sampled volume in the three-dimensional Fourier space (p
spacs) of the object. Inverse Fourier transformation of the
acquired set of data I'(p) according to (15) should yield a
three-dimensional diffraction limited image of O(R) of the
scattering perfectly conducting three-dimensional object.

In practice the acquisition of the three-dimensional data
meaifold T'(?) of (18) would invoive coherent detection of
the scattered field £,(R, ¢) of (6) at each receiver location and
eoryecting the messurement for the unequal phase shifts due

O R PSR AN ISR .
T A T At e T T e L‘i‘ Pl 2._ LI

Fig. 4. Three dimensional F space accessed by frequency sweeping
and two-dimensional array of receivers.

to propagation between the center of the object and each
receiver. One convenient way of removing this range de-
pendent phase in practice is to apply a target derived reference
technique [34] suggested by Porter.

The three-dimensional resolution of the image 04(R")
depends on the three-dimensional extent of the p space data
used in the three-dimensional inverse Fourier transform opera-
tion [33]. Specifically, resolution AR, in the R,’ direction
depends roughly on Ap,, the extent of H in the p, direction as

AR 4 -_2_’_ ,___2”__ . 19)
' aps  [ps(T) = ps(0)]

Using the geometry in Figs. 1 and 2, it can easily be shown
that AR’ can be reduced to

Ay

 (-2) ()

where A, Ay are the longest and shortest wavelengths, of the
transmitted chirp and a is the angle between the transmitter,
the center of the target, and a receiver.

The resolutions in the R,' and R’ directions, however,
depend roughly on the size of the ares projected by the set
of P lines defining H onto the p,, p, plane;i.c.,

M"’

, 2=

AR.' = AR, = ——
* bp, ¥ b,

@n

where 4p,, Ap, are the extents of py, p) plane spanned by
the projected p space data lines of the array of receivers. For
the example of a single receiver situated slong either the x or
yaxis, Apyg , (k3 ~ ky) sin a. Thus

ARy, =—= -( : )( : ) @2)
Y Apyy 1=A3/Ay / \sina
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Equations (20) and (22) are general and applicable to the
geometry of a circular array of receivers surrounding a central
transmitter which is the geometry chosen in the simulation
examples that will be described in Section VI of this paper.

If the echo, or specifically the object frequency response
recorded by each receiver, is also sampled in time, then the
three-dimensional p space data will only be recorded for a
discrete grid of points in three-dimensional P space. Aliasing
can be avoided if the Nyquist criterion is satisfied in each
direction, i.e., if the target orthogonal dimensions or maxi-
mum extents are xg, Vo, 29, the number of sample points in
each direction has to be

7 Yo 20
Neg>—= Ny>—= N, >——. 23
*7 AR, Y7 ar, *7 AR, @3

IV. FOURIER DOMAIN PROJECTION THEOREMS

It is shown in the previous sections that a three-dimensional
Fourier transform operation applied to the recorded p space
dats should produce an image of the three-dimensional per-
fectly conducting scatterer. In practice, this three-dimensional
image retrieval operation can be carried out digitally using
fast Fourier transform (FFT) algorithms. However, even with
the speed of the FFT, a three-dimensional FFT computation
could be time consuming which could preclude real-time
image reconstruction that is highly desirable in many in-
stances. This leads to the question of whether or not coherent
optical processing of the three-dimensional p space data is
feasible. Since optical processing is carried out in parallel at
the speed of light instead of a sequential fashion as in digital
computers, a huge reduction of processing time can be ex-
pected. However, direct coherent optical processing of three-
dimensional data is not feasible because of the inherent two-
dimensional Fourier transform property of converging lenses
(5], thus a scheme has to be developed to reduce the three-
dimensional p space data to two-dimensional format before
optical processing can be applied. The principle that allows
a reduction of three-dimensional 7 space data to the two-
dimensional formst needed for image reconstruction is based
on Fourier domain projection theorems (FDPT) [24], [26],
[28]-{31]. In this section, the FDPT is outlined and extended
to a weighted FDPT. It is shown that these theorems can be
applied to the FSI problem to reconstruct images of three-
dimenaional objects tomographically® slice by slice.

Let O(R’) and I'(P) be the three-dimensional Fourier trans-
form pairs as described in (12) and (13). Defining a projection
of '(P) onto the px ~ p, plane as

Poroj (Px, Py) = / I(p) dp, (24)

and Op,q(Ry’, R)') as the two-dimensional transform of
Coros (P2, Py), we obtain,

oproj(kx" Ry')- /[ Cproj(Px: Py)

* e /PxRx*PyRY) gp dp, (25)
] o

* dpy dp, dp, (26)
=O(R,'. Ry, R, = 0). @n

1 Tomography comes from the Greek word romas meaning siics.
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Equation (27) shows that by projecting the three-dimen-
sional p space data onto a given plane, the two-dimensional
transform of the projected data, which we refer to as a pro-
jection hologram. gives an image of a central cross sectional
slice of the object parallel to that plane. In the case of per-
fectly reflecting objects, the slice is actually a cross sectional
outline of the object. If ['(p) is multiplied by a weighting func-
tion of the form e ~/PPz before performing the projection, i.e.,

Ts,pr0i (Px Py) = / F@)e~"#?z dp,, (28)

then it can readily be shown that the two-dimensional inverse
transform of I‘B_p,oj (Px. py) gives

Oﬁ,proj(Rx'- Ry') = O(Rx’» Rylo Rz' = f). (29)

It is evident from (27) that by multiplying I'(p) with an
exponential weighting factor before performing the projec-
tion operation, cross sectional outlines of O(R’) can be ob-
tained at planes other than R, = 0 that are selected through
the parameter f. Since this weighting function is introduced
after the recording of the scattered data, parallel slices of the
three-dimensional object O(R) can be reconstructed slice by
slice by changing the parameter §.

V. COMPUTER SIMULATION RESULTS FOR FSl

In this section computer simulstion examples are pre-
sented to demonstrate the FSI theories developed in the
previous sections. Both extended and point scatterer objects
are considered in the simulations. For the examples pre-
sented, the receivers are positioned along an arc of a circle
with the transmitter situated at the center of the circle. This
geometry is chosen because of its practical potential and for
the simplicity in positioning of the intensity modulated pro-
jected scan lines of the resulting projection holograms on the
computer display. The simulated far field recorded by each
receiver generates a scan line of data in the three-dimen-
sional p space. These scan lines are projected onto the p,
Py plane in accordance to the weighted FDPT. Optical two-
dimensional Fourier transforms of the resulting weighted
projection holograms are carried out, and optical images of
various slices of the three-dimensional objects are recorded
in the image plane. Since far-field data for a perfectly con-
ducting sphere can be calculated exactly for different aspect
angles and frequencies using the Mie series formulation [21],
spheres were good candidates for use as three-dimensional
extended objects in the simulation.

The simulation geometry of FSI of two adjoining perfectly
conducting spheres is shown in Fig. 5. The two spheres are
assumed each to be one meter in diameter, and each is off-
set by a distance of 50 cm from the R, axis. Fifty re.
ceivers forming an arc from ¢ = 25° to 155° with 2.5° angular
spacing is assumed. The ratio of Zy/Rg is 2, thus a = tan
(Rg/Zo) = 26.6°.

The frequency sweep display was limited by the resolution
capability of the computer display and covered a 2-4-GHz
range consisting of 100 equally spaced frequency points. The
scattered far field recorded by each receiver is assumed to be s
superposition of the field of two independent spheres. This
assumption is valid under the Born approximation, i.e., when
multiple scattering between the two spheres can be ignored.
Using (20) and (22), the resolutions are approximately AR, =
7.7cmand AR,' = AR, = 33.5 cm.

L . . PR .'-‘-‘.‘-‘_¢'~',..
LTI SN U R SPUR-APULAY T YAk Wholl.. Sull0Y

NARIACIAT ER
b W PR W TP 1




L3

A

X |

Pl ALy
‘.‘f":.':’;?_r"

-

[
A

-,
AR
R

3 A

CHAN AND FARHAT: FREQUENCY SWEPT TOMOGRAPHIC IMAGING

' R,
~—— two odonng perfect
/ conducting spheres
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Fig. 5. Geometry used in FSI of object consisting of two perfectly
conducting spheres.

Fig. 6 shows the simulation results for a § equal to 0, 30,
and 40 cm; this is equivalent to producing images of slices
through the two spheres at parallel planes equal to R;' = 0,
30, and 40 cm, respectively. The weighted projected holo-
grams for the three cases are shown in Fig. 6(a), (¢), and (e),
and the corsresponding optical reconstructions using the
optical bench arrangement shown in Fig. 7 are presented in
Fig. 6(b), (d), and (f). These reconstructions clearly illustrate
the ability to retrieve images of parallel cross sectional out-
lines of a three-dimensional scatterer from the same set of p
space dats utilizing the weighted Fourier domain projection
theorem.

In 2 second example shown in Fig. 8, sn object consisting
of a set of scatterers each of which is too small to be resolved
by the imaging system was assumed. The geometry for this
simulation example is identical to that of Fig. S except that
the number of receivers in this case is reduced to 16 equally
speced along an arc from ¢ = 40° to ¢ = 77.5° with 25°
angular spacing between adjscent receivers. The value of
T(p) for the test object of Fig. 8 as obtained from (28) is

T@)=1+ e~ Px%0 4 ¢=/Py70 4 NPyyo+pss0)
(1 + 2 cos pyxg) + 26~ /(Pyr0*Ps20) cos p_x,.

30)

I'G)’is muitiplied by a phase term ¢~ /*Ps with § = —z,,
0, 3q, respectively, befors the projection operations is per-
formed to penerate the weighted projection holograms shown
to the left in Pig. 9%(a), (b), (c), respectively.

Optically reconstructed images of this set of holograms
clestly show that slices of the objects at different parallel
planes perpendicular to the direction of projection can be
imaged individually using the weighted Fourier domain pro-
joction theorem. When the reconstructed images in Fig. 9
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Fig. 6. Projection holograms (left) of object consisting of two adjoin-
ing spheres and optical reconstruction of corresponding central
cross sectional slices through two spheres (right).

are compared to the geometry of the object 'in Fig. 8, it
becomes evident that the relative locations of the scatterers
in different R,’ planes are also preserved in the reconstruction.
The bright regions in the left upper and right lower portions
of the images are resvlts of diffraction by spokelike sampling
format in the projection holograms in Fig. 9. Unlike the pre-
vious example, an appropriate spatial carrier has been included
in each projection hologram to separate each image from its
conjugate and from the zero order light. The presence of both
a primary and a conjugate image in each reconstruction is a
well-kknown consequence of the optical Fourier transform
when the input function, the hologram transmittance, is posi-
tive real {5]. Such a spatial carrier was not included in the
projection holograms for two spheres.in the preceeding ex-
ample, and as a result the primary and conjugate images of the
circles were on-axis and superimposed. Because of object sym-
metry, however, this superposition was acceptable.

V1. CONCLUSION

This work was initiated to study the possibility of extend-
ing the concept of frequency sweeping to the imaging of three-
dimensional objects. It was found that a three-dimensional
Fourier transform relationship exists between the shape of a
threo-dimensional perfect conducting object and its scat-
tered far field. By recording this scattered field at different
aspect angles and frequencies by means of arrays of coherent
receivers and transmitters, the processed data can be inverse
transformed to obtain a three-dimensional image of the
object. This result turned out to be a generalization of Bojar-
ski's and Lewis’ formulation of inverse scattering to the
multistatic case. For stationary objects, the scattered field
st different aspect angles can be recorded by just one trans-
mitter and an array of receivers, whereas in the monostatic
T/R (transmitter/receiver) configuration considered by
Bojarski and Lewis, an array of monostatic T/R's has to
be used to record the backscattered field in order to obtain
the same amount of information. In the case of nonstationary
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Fig. 7. Optical bench configuration.
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Fig. 3. Three-dimensional object consisting of sst of eight point scat-
terers shown ia isometric and R,' - R’ plans of views at R, =
~20.0,20 X9 =yg =29 = 100 cm.

objects, slthough a monostatic T/R can collect scattered field
at different aspect angles as a2 result of object motion or rota-
tion, more information can be collected in a shorter time if
s multistatic geometry conaisting of one (or more) transmitters
and an srray of receivers is employed. By utilizing the Fourier
domain projection theorem and the weighted Fourier domain
projection theorem, it was shown that coherent optical sys-
tems can be used to reconstruct images of separste slices of
s distant object establishing thus for the first time the feasi-
bility of a tomographic radar.

Computer simulations were performed to verify the fre-
quency swept imaging theory and the Fourier domain pro-
jection theorems for both continuous extended objects and

(3)

(v)

()

Fig. 9. Projection holograms and their optical reconstruction for set
of point scatterers in Fig. 8 at different R, planes. (a) Hologram
and reconstructed image of scatterers at R, * —zq plane. (b) Holo-
gram and image at R;' = 0 plane. (c) Hologram and image atR;' =
Zg plane. xg = yg =29 = 100 cm.

objects consisting of several point scatterer. The optically
reconstructed images from these simulations clearly demon-
strate the validity of the concepts developed in this paper
and establish the feasibility of superresolved three-dimen-
sional imaging by means of broad-band cost-effective aper-
tures. The concepts developed are applicable to all methods
by which the multiaspect frequency responce (namely,
I'(p) in (18)) can be measured either directly by frequency
diversity ss discussed in this paper or indirectly via the im-
pulse response or correlation measurement with noise illumina-
tion [11). The choice of any of these approaches will depend
on the imaging application, eage of implementation, and
the case with which the data recorded at each receiver can be
corrected for propagation delay between transmitter, object,
and the particular receiver as with the target derived reference
method referred to in this paper.
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Inverse Scattering Reconstructions From
Incouplete Fourier Space Data

N.H. Farhat
University of Pennsylvania
Electro-Optics and Microwave-Optics Laboratory
The Moore School of Electrical Engineering
200 S. 33rd St., Philadelphia, Pa. 19104

ABSTRACT

We show that 3-D toncgnéhic inverse scattering reconstruction of a
scattering object is obtainable from data lying on a curved surface, rather
than within a volume, of its accessed Fourier space as would ordinarily be

required.
I. Introduction

It is known from inverse scattering theory [1]-[4], that multiaspect
monostatic or bistatic coherent measurement of the far field scattered by a
plane-wave illuminated conducting or non-dispersive object under conditions
that satisfy the physical optics and Born appraximations can be used to access
the 3-D Fourier space ['(P) of the object scatterning function y(r), Here T is
a 3-D position vector in object space measured relative to a common origin in
the object or its vicinity and 7 = k (Ip-I;) 1s a 3D position vector in ;
Fourier space or P-space with 1p and T, being unit vectors in the directions -
of observation and incident illumination respectively and k is the wavemmber
of illumination. The scattering function Y(T) represents the 3-D gecmetrical
distribution and strengths of those visible scattering centens or differential
scattening cwss-sections of the body that give rise to the measured field.
Correction of the field measured in practice in this fashion for range-phase,
clutter, and system response [5],[6] leads to accessing ['(P) over those values
of 7 employed in the measurement. We will designate the messured data mani-
fold by I'y(P) and assume without further elaboration here that the values of
T utilized alvays sample the T-space in a manner satisfying the Nyquist crite-
rion to svoid aliasing in the reconstruction. The size and shape of the
sccessed Fourier region depends on gecmetry and on the extent_of the spectral
and angular apertures utilized 1.2., on the values k and (1y,14). It .
1s possible then as shown by computer simulation in [3] and_[4] to retrieve
tomographically a diffraction and noise Limited version Y4(r) of the object
scattering function through application of the Projection-Slice Theorem de-
rivable from the multi-dimensional Fourier transform [7]-[10].

The aim of this paper is to show that high resolution reconstruction of
YdG) is possible by measuring I'p(p) over a curved surface in p-space rather
than within a_volume as would ordinarily be required for the retrieval of 3-D
detail of y4(r). Becsuse, for s given fixed spectral range, the oumber of angu-
lar observation points needed to adequately sample the P-space over a volume
is considerably higher than the mmber needed to access the cuter surface of
the volume or a portion of it, a sizable reduction in the number of coherent
sensors or receivers is achieved. In practice this translates into a propor-
tionate reduction in the projected cost of high resolution wavelength divei.-
sity imsging apertures and would for exsmple, open the way for cost-effactive
tmplementation of envisioned [11] giant imaging radan networks.
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;3 II. Theoretical Considerations

: Let H(;) be a Fourier space sampling function describing the values
gt assumed dy the vector P = k(lp-1lj) during data acquisition. We can express

" . then the Fourier space data manifold accessed by measurement as,
X Ta® = I'® BG) Q)
N vhich can be regarded as a 3-D Fourier transform hologram of the scattering 4

N object. A diffraction and noise limited verston yq(T) of the object function
! Y(¥) can be odtained by Fourier inversion of eq. (1). That is (within a con-
: stant 1/(2m)3),

va@® = ; TREG) 37T 4 = v (F)wran(D) @
Y where - = _~JpeT — |
- h(r) - ! n(p) o jpor dp (3)

VAP 4

~ 1s the 3-D .{mpulse response or point spread function of the system and the

A
s triple asterisks denote a 3-D convolution. Clearly, because H(p) (which can
% be now identified also as a 3-D tunsfer fumction of the system) is dependent
- on recording geometry through p = k&n-li), the impulse response here, in con-
o trast to comventional monochromstic imaging systems, is spatially variant. A
M valid question then is the identification of favorable recording geometries
v for which s nsrrow h(r) is tealized for a wide range of object bearings utili-
N 3 2ing & ainimmm owmber of observation and/or illuminating points t.e., (1g,1y)

S

values in order to keep to 2 minimum the mmber of broadband coherent receivers
and transmitters employed in the recording geometry. To provide an answer to
this question we apply the projection-slice theorem to eq. (3). There are two
forms of this theorem. One states that a projection (central slice) in Fourier
space and a central slice (projection) in object space are a Fourier transform
pair. The second forn establishes a similar relationship between parallel
weighted projections and parallel slices in the two domains [3],[9]. In the
context of this analysis, the first version means that the 2-D Pourier trans-
form of the projection of H(p) on an arbitrarily oriented plane in p-space is

s central slice through h(r) oriented parallel to the projection plane. This
immedistely suggests that desirable recording geometries are those for which
the projection of their H(p) in any direction cover always extended areas
whose 2-D Fourier transform will necessarily be concentrated in a narrow re-
gion indicating an h(r) with central slices exhiBiting peak amplitudes of

) narrow exteat. If all central slices of h(r) possess peaks of narrowv «teat

o the 3-D impulse response h(r) will consequently be narrow. With this condi- <
tion established, we consider next the two bdistatic recording geometries shown
in Fig. 1. In one (a) a randomly or regularly sampled circular recording
sperture of diameter D is used to access a truncated conical volume in p-space

LIS

A‘z". .:( “,— 3
L e B 0

; witkh the truncation being set by the initial and final values of the range of “
29 vavemmbers k utilized in the measurement. In the second geometry (b), a

X mmber of random or equally spaced ssmpling points or coherent receivers dis-
3 tributed 2in a circle of diameter D are employed to access an identically shaped
it hollow truncated cone. Both geometries assmume a centrally located coherent

“ tranmmitter or illuminator 7. The sampling functions H(P) realized in both

A cases will coincide over the sidewalls of the truncated comes. A brief study
8% of the two cases reveals that the shape and axtent of the areas covered by

E nearly all projections of the solid truncated cone and the hollow truncated

#
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Fig. 1, Geometries for accessing the Fourier space of a 3-D scatterer.
(a) with a sampled 2-D circular aperture, (b) with a circular
array of sampling points,

cone are the same except for a few projections in those directions forming a
small solid angle surrounding the OT Line where the hollow nature of H(p) in
(b) will de evidenced by a missing central region. This difference is illus-
trated by the two projection examples included in Fig. 1. However, because
the ocuter doundaries of comparable projections of H(p) in (a) and (b) are _

- identical, the associated Fourier transforms representing the slices of h(r)

Y

for both gecmetries are expected to .posseas central peaks of the same extenmt. -
The amplitude and shape of side-lobe structure in the outlying regions sur-
rounding the central peaks will however differ somewhat because of the differ-
ent number and distribution of data points in the comparable projections. It
can be concluded therefore that the 3-D resolutions obtained with data accessed
over a volume of p-space and with data accessed over the ocuter surface of the
volume are nearly the same. Verification of this conclusion is found in the
Tesults of a mmerical simulation of microwave wavelength diversity imaging
[3] which are presented in Fig. 2. A semi-circular array of sampling points
consisting of 50 equally spaced receivers distributed over an arc of 130° as
depicted in Fig. 2(a) is assumed. A 3~-D test odject consisting of two ad~-
joining Ila dismeter conducting spheres arranged as shown and centered at a
distance R directly above the transmitter T is chosen. A spectral range of
(2-4) GHz and a ratio of R/D =1 are assumed in computing 'y (F). The far field
scattered by the two spheres was computed using the Mie series formulation [12].
Weighted parallel projections in the direction pz of the accessed P-gpace data
sanifold lying on a truncated semi-conical surface represented by H(p) in Fig.
2(a) were obtained by multiplying [p(P) by the complex factor «p j(apz), a= 0,
=30ca, ~40ca, before computing the projections. This yields three weighted
projection holograms shown to the left in Fig. 2(b) that correspond from top
to bottom to parallel horizontal slices through the object in Fig. 2(a) at

2= 0, =30ca and -40cm. The optically retrieved images from these projection

_holograms are shown to the right in Fig. 2(b). These demonstrate clearly the

3-D tomographic imaging capability from the limited p-spncc data accessed by
the geometry of Tig. 2(a).
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Fig. 2. Details of numerical simulation of 3-D tomographic image re-
©  comstruction from limited Fourier space data. (a) Recording
geometry (b) Weighted projection holograms (left) and re-

trieved images of three slices through the illuminated portion
of the two spheres.
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3 APPENDIX VI

J PROJECTION THEOREMS AND THEIR APPLICATION IN
MULTIDIMENSIONAL SIGNAL PROCESSING

¥ (Reprint of paper presented at the 1983 SPIE Technical
2 Symposium on Advances in Optical Information Processing,
L.A., Jan. 1983)
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Projection theorems and their application in multidimensional signal processing
N.H. Parhat, C. Yi Ho and Li Szu Chang

:-. University of Pennsylvania, Electro-Optics and 'uiczowave-Optics Laboratory
U - . ' The Moore School of Electrical Engineering, Philadelphia, PA., 19104

Abstract

L Several sophisticated imaging methods are based on measurements that lead to accessing a
o4 finite volume of the 3-D Pourier domain of an interrogated object and subsequent retrieval
v of 3-D image detail by 3-D Fourier inversion. Examples are found in inverse scattening, 4in-
tegral holography, x-ray and radio-emission imaging, crystalography, and electron microscopy.
This paper examines a unified approach to all these methods, namely through reduction of di-
mensionality based on the projection-s4lice property of the multidimensional Fourier trans-
form. We describe two hybrid (opto-digital) computing schemes, one employing coherent light
and the other incoherent light, that can be used with these techniques to reconstruct and

N display true 3-D image detail tomographically. Reduction of dimensionality is shown to pro-
L vide flexibility in hybrid (opto-electronic) computing by permitting trade-off between the
degree of parallel and serial processing employed. It leads to new architectures capable of
- enhanced throughput and dynamic range and extends the domain of optical computing beyond one
o and two dimensional signals.

- . 1. Introduction

AV Inverse methods involve inferring information about the geometrical and material proper-
j ties of an object by remote probing with electromagnetic, acoustic, or particle beams. Several
Y] inverse methods for example in optics [1]-(8], microwaves (9]-{13], crystalography and elec-
f’ ) tron microscopy (14), computerized axial tomography (15), ultrasonics (16] and integral holo-

graphy (17] lead to accessing a finite volume in the 3=-D Fourier space of the object and sub-

sequent retrieval of 3-D image detail via 3-D Pourier inversion. The required 3-D Fourier
transform can naturally be carried out digitally by means of a 3-D fast Fourier transform

. algorithm. This approaci say not be fast enough for certain applications even with the fast-

AN est array essors available today especially when one is dealing with the large amounts of

£ data associated with complicated cbjects. This can prevent real-time image reconstructions

Pl e

3y and display. Furthermore the inherent two dimensionality of present day computer displays
- precludes true 3-D image display limiting the presentation of 3-D image detail to perspec-
O tives, individual slices or cross-sectional cutlines.

e To overcome these limitations several techniques for 3-D display of television and compu-

ter generated signals have been proposed and demonstrated (18]-[20]. o
In this paper we consider a new approach to true 3-D image reconstruction and display. Two

K " mnethods that employ hybrid (opto-digital) computing and do not require viewing aids are de-
&N scribed. Both methods are based on reducing a 3-D Fourier space manifold into a series of
5 2=D projection holograms each corresponding to a different parallel slice of the object and
».,4.: on using the optical 2-D Fourier transform in a space-time multiplex scheme to retrieve

v rapidly and sequentially images of the various slices. The reconstructed slices are dis-

L7 4 played on an oscillating screen in the proper sequence to form the 3-D image fomographically.

i One method employs coherent optical computing to perform the required 2-D Fourier transforms
whils a novel incoherent opto-electronic computing scheme based on spatial domain projections
is employed in the other.

.»'*; The processing of multi-dimensional signals by reduction of dimensionality via projection
=, was first considered by Radon (21]. Since then projection methods have been employed in the
o processing of 2-D radio-astronomical data by Bracewell {22],(24] and in hybrid (opto-digital)

processing of 3-D data by Stroke, Halioua, and co-workers (14],(16],{24]) in the context of
crystallography, electron microscopy and ultrasonics and by Farhat and Chan (12]1,(13] and Das

15 and Boerner (41] in the context of 3~D microwave imaging and radar shape estimation.

. Comprehensive treatments and applications of multidimensional signals processing via pro-
&y jections has been given by Mersareau and Oppenheim (25] in the context of digital signal pro-
o cessing and more recently by Barrett (26]-{28] and Farhat [29] in the context of optical data
' g.: processing.
z' 2. The projection-slice theorem
A

The ﬁtmtplo underlying the two hybrid 3-D image reconstruction and display techniques
discussed in this paper is the projection-slice theorem associated with the multidimensional
fourier transform (22],(23]. Given a multidimensional object function and its Fourier trans-

5’:-.) form the projection-slice theorem states that a projection (slice) in Fourier space and a
3,:.2 *parallel” slice (projection) in object space are a Fourier transform pair. In other words
3 projections in object space correspond, in the Fourier transform sense, 0 "parallel? slices
7, .
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in Pourier space taken in planes parallel to the projection planes and visa versa, i.e.,
srojections in Pourier space correspond in the Fourier transform sense to "parallel” slices ‘
in object space.
There are two forms of the projection-slice theorem. One form deals with meaidional or
central slices and corresponding projections on planes parallel to them, while the second ‘
form deals with weighted parallel projections made always on the same plane and correspond- ‘
ing slices at different depth all parallel to the one projection plane.
A derivation of the two forms of the projection-slice theorem is given in Appendix I in
terms of a 3-D object function yv(r) and its 3-D FPourier transform I (p) where r and p desig-
. nate position vectors in object space and Fourier space respectively. The object character-
istic function y(r) can represent the object attenuation function as in x-ray imaging, or
. surface reflectivity as in integral holography and microwave imaging of reflecting objects,
or refractive index distribution or velocity distribution as in electromagnetic and acoustic
inverse_scattering. Thus for example in x-ray tomography, projections of the object func-
tion v(r) are obtained by transmission measurements of absorbed x-rays while in integral
holography photographs of the object taken from different aspect angles represent the set of
projections. The projection-slice theorem is invoked_then to obtain either by digital or
optical means central slices of the Fourier domain I (p) extending over a finite region of
the Pourier space of the object.
In inverse scattering, complex (amplitude and phase) measurements involving wave-vector
diversity (i.e., angular and spectral diversity) are used to determine I'(p) directly over a
finite volume of Fourier space (9]-{13].
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N Thus the measurements performed and the subsequent data preprocessing in all of these

. nethods aim at accessing a finite volume of the 3-D Fourier space of the object represented
- by T(p). Once [(P) has been determined, 3-D image detail representing a finite resolution
. version of v(r) can be retrieved as pointed out earlier via a 3-D inverse PFourier transform.
- In the following section we will describe two hybrid techniques for tomographic image re-
S construction and display of the 3-D object function v(r) in which the required 3-D inverse
Y Fourier transform is carried out optically as a series of 2-D Fourier transforms of projec-
PRy tion holograms employing either ccherent light or incoherent light.

o

) 3. Tomographic image reconstruction and 3-D display

Both coherent and incoherent optical computing can be used to carry out sequentially and
rapidly the 2-D Fouriey transforms of a series of weighted projection holograms correspond-
ing to parallel equally spaced slices or cross-sectional outlines of the object in order to

?‘ visualize its 3-D image tomographically.
= Coherent scheme: '

:. One such scheme employing the virtual fourier transform has been described earlier (30].
. The disadvantage of this scheme was that only one observer at a time can view the displayed
virtual 3-D image. To overcome this limitation the arrangement shown in Pig. 1 was consider-

M ed. This arrangement makes use of the real optical Fourier transform to project the re-
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- (a)

J Fig. 1. Scheme for 3-D image reconstruction and display from a sequence of projection N
o holograms. (a) Principle, (b) Pictorial view of system showing laser source
. to the right, hologram bearing wheel in the center and projection wheel to

> the left. Projection wheel is 25 cm in diameter and contains 24 windows for
mounting the projection holograms.

- constructed images of the various slices of the object rapidly and in proper sequence on an
- axially oscillating projection surface. The 3-D image reconstructed tomographically in this
) fashion can be viewed simultanecusly by several observers from different directions. The

g arrangement consists of a convergent laser beam produced by a long focal length lens. The
,*) bCl:nzne.:rogntol sequentially and rapidly a series of projection holograms mounted as shown
oY, on a rotating hologram bearing wheel. The axially oscillating projection surface is pro-
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N 3 8 8 l 9
duced by rotating a suitably shaped projection wheel. The realization of a rapidly oscilla-
ting projection surface with this wheel is based on the eccentric rotation of a cylindrical
surface. If a cylinder rotates eccentrically about an axis parallel to but displaced from
the axis of the cylinder an observer will see the surface of the cylinder moving back and
forth at the same rate of rotation. When a number, say eight, of such cylinders or cylindri-

4 e

E ]

.l

f-,‘ cal segments of the same radius are arranged together as shown in the projection wheel of

o) Fig. l1(a) with their centers spaced evenly on the circumference of a circle centaered on the

0 axis of rotation, the same oscillating surface effect is observed but at eight times the ro-~
o) tation rate (31]. This permits the achievement of higher rates of projection surface dis-

s placement using reasonable rotation speeds that can be furnished by ordinary stepper motors.

A pictorial view of the projection wheel used is shown in Fig. 2. Both the hologram bearing
wheel and the projection wheel are driven by computer controlled stepper motors to maintain
synchronization. Examples of the true 3-D image reconstruction and display achievable with
this arrangement are shown in Pig. 3. Photographs of two views of the displayed 3-D image

Y

. CLliiiiiiio L

'\ SEROOOREREE o . ———— (b} ()

\ Pig. 2. Pictorial view of projection wheel Fig. 3. Two views (a) and (b) of the tomo-

o used to realize an axially oscilla- graphically reconstructed 3-D image

ting projection screen. A volumetric - of an eight point test object and

) display region of 1.8 cm x 1.8 cm x identical corresponding views (c)
'.: _ o 1.-3 ca is provided. and (d) of a model of the test object.
::3 taken from two different aspect angles are shown in (a) and (b). The projection holograms

o' used in the experiment were those of the eight point scatterer test cbject used in our

o earlier work (30]. Two identical views of a model of the test object are shown ia (c) and
(d) of rig. 3 for comparison.

f Incoherent scheme:

The second optical 3-D image reconstruction and display scheme studied is based on per~
forming the required 2-D Pourier transforms directly on weighted projection holograms dis-
played in spatially incoherent light. This approach enables direct 2-D Fourier transforma-
tion of the CRT computer displays of weighted projection holograms corresponding to the
- different slices of the object. Being opto-electronic in nature the scheme permits display-
- ing the image slices obtained by Fourier inversion in rapid succession on a second CRT dis-
g play. A 3-D tomographic display of the displayed image slices can be realized employing a

F]

CNOE

5 projection lens and the oscillating projection screen idea used in the preceeding scheme.
L Several methods for incoherent 2-D Fourier transformation appear in the literature. These
i include shadow casting techniques using a two Fresnel zone masks as a Fourier analyzer [32],
j {33], achromatization (34], and opto-electronic methods utilizing optical multiplication by
5 sine and cosine masks followaed by electronic detection of the spatially integrated products
2 (35]1<(37]. A major advantage of these techniques is their freedom from speckle noise which
- is a known limitation of coherent optical processing. There are disadvantages however.

- Major among them is the complexity of carrying out complex operations and the low Fourier

", plane contrast in the Fresnel zone shadow casting scheme. There is also the "dynamic bias"
- problea identified in (38] and {39]. To handle complex data and increase throughput the
. u::.:t c?i.gllr multiplexing or wavelength diversity in opto-electronic schemes has been con-

y s od .

:‘j The opto-electronic scheme described below combines ipatial domainr projections and wave-
Length or color diversity to perform Fourier transform operations on 2-D complex functions
- representing for example projection hologram data displayed on a color CRT monitor. In

: addition the scheme has the advantage of overcoming the dynamic bias problem. It differs
Ty from all other previously studied schemes in its novel use of the spatial domain projection
% theorem in a two color wavelength diversity scheme and in its potential to execute 2-D dis-

v crets Pourier transforms of large data formats approaching 1000 X 1000 pixels at high
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R M. Another important practical advantage is the compatibility with a color CRT as the
ingut device with its ngh brightness and precise color pixel locations.
. The Spatial Domein Projection Theorem (see Appendix I) was first introduced in radio
2 um mu (2 ]. Its use in the present scheme is discussed next.
L a ex spatial function f£(x,y) with its 2-D Fourier transform ’(ﬂg,ﬂy)o
and wy boh_s_g_sg-_ !:m mublur 'nnu, .
g(:") “'(. '“ ) .' N . T - - - - - - .--.' e . e ma -,(1) -
d—tmuamtc:umtonnn where, o {
L) . Jlu x + u y)
B3 £(x,y) = f [ Plu_u)e = Y du_du (2)
;;‘5 xy *°Y xy
& d Jlugx + wy) 1
Flug ) (_zk’ §§ txpre axdy 3
The spatial projection of f{x,y) on the x~axis is defined as
31 e & { tay ay - (@
Xy P
3‘5 or by using (2),
B £ { Ml
-
4 pix) = { gn{") Plugou) . du du } dy (s)
'j Carrying ‘outA the integration with respect to y first we obtain
£
g Jugx
e, tyix) = .: .; Plu ru,) @ Sluy) du, du, (6)
5 or by the "sifting” property of the § function,
= R Ju” du, ' 7
i p(® J; w,0) @ (7
B i.0., in abbreviated form,
i3 t,(x) > Plu,,0) (8)
3
9 This final result, known as the spatial domein projection theorem, states that the spatial
e mzm fp(x) of £(x,y) and a central slice of its 2-D Fourier transform along a central
L ® 0 are Fourier tramsform pairs. This suggests that the transform F(uyg,wy) can be
“ hy a repeated application of the following three step process: (1) Rotate the ob-
- ject function t(:.r) in the :-y plane, by an angle uuu-l. 2....M) relative to the x axis
. MM_LF (2) form the projection on the x axis, and (3) one dimensional Fourier
N ‘ stransform the projection to obtain the value of r(u,;.:x) along a central
;'.1 l1ine passing through the origia of the wx-wy plane and making an angle ndé with the uyx axis.
iy nrm&nm’mmmmmmmozml.z...u-l.lO'/Moumeouuuete!n
{ trans Plug,uy) on & spoked format of radial lines of angular spacing A6. Obviously this
Y three step ure can be implemented entirely digitally to provide a new discrete Fourier
i transform algorithm. Alternately the one dimensional Pourier transform required in the
- thizd step can be carried out with an analog CCD or SAW device (42]. Here an arrangement for
performing the three step procedure opto-electronically is presented.
Ehs! The arrangement is sketched in Pig. 4. The complex function f(x,y) is displayed on a
: color CRT or TV sCreen. Two of the three available primary colors, (red, blue and green)
M4 are assi to the real part f(x,y) and the imaginary part £, (x,y) of t(x.y) with the
e thizd color left unused or poss reserved for use in an omz correction scheme for en-
i‘ mmmmctmmum. The color display is imaged on the input face of an
j idealiszsed tapered coherent £. bundle C.P.B. 1 uMch performs the required projection op-
ezation by‘.l.:mnuu or fusing the hnqo in the vertical direction into a line image while
horisontally furnishing thus the p docuou £_(x) at its sharp edge. The
i complex nature of f£,(x) is preserved in a two co splay atPehis end. Image rotation is
‘g schieved by the dove prisa in the p:oj n and mqo rotating segment which mere-
" . ly acts as a rotating imege coupler. The C.F.B. 2 and C.F.B. ) spread tgox) vertically in
o the y direction while preserving detail in the horizontal x direction. te that this does
b
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Pig. 4. High throughput incoherent 2-D complex fourier transformer

based on the spatial domain projection theorem.
A not restore the function f(x,y) but merely smears or “back-projects® the two colored fp(x)
. in the vertical direction uniformly. Later we shall see how the vertical projection opera-
tion and the vertical smearing ox ~projection operation can be implemented simultanecus-
N ly with a single anamorphic optical system.
K In accordance to eg. (7) we seek the transform,

Ju

‘ Plu ,0) = n’m e x* dax
ﬁ = fg S0 + 3 £, (x)Heos ux + Jsinux} dx (9
.
- gt ¢ jz”(xn cos w x dx
5 + r3g, 0 - €90 ) sin wx ax (10)
‘3 Thus we need to multiply the complex function !,(x) = t,"(x) * jtpq(x) (where the real part

is say coded in red and the imaginary part in green) by cos and sin uxx and integrate
the multiplication results with respect to x all this while :fuorvtnq color discrimination.
In practice this can be acoomplished by placing at the imput faces of C.P.B. & a cosine mask
and at the input face of C.F.B. $ a sine mask. The cosine and sine masks are nsutral den-
sity transparencies that influence both colors equally. In practice the transmittance of
the sine/cueine masks which are computer generated is positive real givea by (1 + cos wyx)
respectively. Similarly because the functions £pT(x) and £ 1(x) are to be represented as
spatial- intansity variations of incoherent light, one say vg:h red light the other with
green, bias terms must be added to handle negative values. Therefore in practice equation
(10) assumes the form,

(e 0) = 1{B° + €501 + 3 (87 + £.9(x) 1101 + cosw,x) ax

X s 7030 ¢ 51 - 9 ¢ L9 ( + einex) ax (1)
:" - 75T (1 “"x" «b? 1+ .mxx” dx + jf[bq(l + cosu_x)

- + b 1+ atnu )] ax + nz"(x) - qu(x)lda . 31(:,"(:) . t”(x)] ax

S5 z 9 T e 9

s + I[t’ (x) + 3 tp (x)1 cosu x dx + f[jtp (x) gp (x)] sinw x dx (12)
J
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whare b* and bY are constant bias terms that enable us to represent the bipolar functions
:t:‘ud £p9 by positive real red and green light intensities respectively. 1In eq. (12) the
, t and second integrals represent constant d.c. bias terms appearing in the output of the
3 processor. This d.c. bias which has the effect of reducing contrast can eventually be ze-
&3 moved by electronic filtering. The third and fourth integrals represent a signal dependent
Ry dynamic bias term. The fifth and sixth integrals are those of eq. (10) which represent the
N .,Q desired Pourier transform output. While electronic filtering of the d.c. bias term is a
o : - straight forward mattar, it is not easy to remove the dynamic bias term because of its sig-
:g: nal dependent nature. The presence of this term is undesirable since it behaves as ncise
- signal that limits the dynamic range of the processor. A method for eliminating this bias
tera will be described below. The location of the two transparencies or masks together with
;s;; the direction of the x and wx axis are shown in Fig. 4. Note that because of their neutral
""j density (black and white) nature the screens will spatially modulate the two colors of f£p(x)
,_-1-. equally. That is the real and imaginary parts of fp(x) are each multiplied by the required
cosine and sine kernels in accordance to eq. (10). The function of the idealized C.FP.B. 4
o and 3 is to perform the required integration in the x direction called for in eq. (10) after
a,? the sultiplications in the integrand. The output data at the sharp vertical edge of C.F.B.
2 4 will therefore consist of two colors with the data in the two colors corresponding to the
real and imaginary parts of the cosine transform of fp(x). Similarly the vertical distribu-
e tion of the two colors appearing at the sharp edge of C.P.B. $ will correspond to the real
) and imaginary parts of the sine transform of fp(x). Suitable color selective detection of
}): the outputs of C.F.B. 4 and C.F.B. S for example with a color T.V. camera or by imaging the
i outputs on 4 self-scanned line detector arrays through a dispersive prism would yield four
" electronic signals representing the terms in eq. (ll). These can be combined appropriately
N to cbtain separately the real part and the imaginary of P(wy,0) and the process repeated as

the image is rotated in steps. A high precision absolute angle encoder coupled to the rzo-
tating prism is used to provide signals that can be employed in displaying the transform
line at the correct angle nid relative to the wy axis on a CRT display providing thus
Plug,uy) in successive central slices. Because of the high brightness of present day color
displays, the flexibility of digital video processors that can be used to address them, the
minimization of diffraction effects that give rise to cross-talk through the use of fiber
optics technology and the high bandwidth of uu-oangd detector arrays and their time
integrating features we expect this 2-D optical O.P.T! approach to dyiold high throughputs.rfor
example a conventional color CRT such as the RCA RGS1l provides 800 x 800 color pixels.
This u,u that at the customary frame rate of 30/sec we can introduce 800 x 800 x 30 =
1.92 10’ complex data points/sec in the processor. The actual time required to perform a
2=D complex D.F.T. on the 800 x 800 complex data points would be determined by the rotation
rate of the image which equals twice the rotation rate of the dove prism (a well known pro-
perty of the dove prism). .
Several image rotating techniques can be used. These include: digital, electron-optical,
and opto-mechanical. Although digital and electron-~optical schemes are inertialesss and
therefore can offer high image rotation rates, a somewhat slowaer opto-mechanical scheme was
found adequats for the present study and was therefore adopted because of its simplicity
and much lower cost. The scheme is based on the well known image rotating property of the

14

‘_.1) .*<‘l',
S ks, - SN

il

’
e

r
v 3
ane

Skl
$e s

VAT
>

-
H B
E

s catls’

J- dove prism. A dove prism image rotator was therefore designed and constructed. Two pic-
N torial views of the completed dove prism image rotator are shown in Pig. 5. In this design
Y

b

¥

N

-'k Pig. 3. Two pictorial views of dove prism image rotator and stepper motor drive.

'.':3 the dove prism (a Rolyn model 45.030 of dimensions 30xxmx3Oxxml3Omm) is mounted within the
N inner cylinder of a high precision ball bearing. The center cylinder of the bearing is ro-

Y tated with respect to the outer part which is held stationary. Rotation was achieved with

K the aid of precision 1:1 belt drive powered by a computer controlled stepper motor capable

28 of pesforming up to 20,000 half steps of .9° each per second. Means are furnished for

’ centering and axial alignment of the dove prism within the inner cylinder of the ball bear-

ing with the aid of adjustable screws. An example of the image rotating capability of the
% ”

A, Discrete Pourier transform
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image rotator is shown in the top part of Fig. 7. Three rotated images of a test, object
shown in Fig. 6, are presented. These correspond to dove prism rotation angles of 0°, 45°
l:dz:e; respectively (recall that a dove prism rotation of 6° results in an image rotation
o . .

Three éoueod images of ec.at object
(top) and their vertically smeared
versions (bottoa).

rig. 6. Test cobject rig. 7.

Vertical image integration and spreading wers to be carried out as originally proposed
in Pig. 4 with the aid of tapered coherent fiber bundles CFBl, CFB2 and CPB3. It is clear
that specialized and costly techniques are required in the manufacture of such idealized
coherent fiber bundles with the required property. In practice a simple anamorphic optical
system shown in Pig. 8, can be used to perform the function of the coherent fiber bundles
CPFS 1,2 and 3. The arrangement shown in Pig. 8 makes use of a single cylindrical lens to
vertically smear the image i of any object scene 0. This smearing cperation replaces the
required vertical integration (spatial projection) and vertical spreading operations at the
same time. Obviously this approach is more realistic and much less costly than the one

OgTRCTOR

PHOTOSITES

b=

Pig. 8. Anamorphic optical system for Fig. 9. Detail of transmission pattern on
vertical image smearing. sine/cosine screen capable of elimi-
nating dynamic bias problem.

calling for coherent fiber bundles and is therefore more attractive. In the scheme shown,
spherical lens L} images the object scene § onto the image plane with & magnification

m = 83/8) = h'/h. The object scene 0 in Pig. 8 represents the rotated image furnished by
the dove prism image rotator and its imaging optics (see Fig. 4). The cylindrical lens L;
is added to smear the image vertically. The height h' of the vertically smeared image de-
pends on the values of 81, S3, S3 and the focal lengths F] and P2 and on the height h of
the original scene. The lower part of Fig. 7 is a pictorial record of the vertically
smeared versions of the three rotated images shown in the upper part of the figure. These
were obtained with the arrangement of Pig. 8 with the following parameter values: S; = 40
cm, 82 = 14.5cm, 83 =S ca, P » 10,5 cm, P2 =» 4.1 cm, and h = 5,5 cm. Excellent unifor-
aity of the smeared image in tkn vertical direction is achieved. 1In the scheme of Fig. 4 a
vertically smeared image similar to those shown in Fig. 7 would be projected onto the sine/
cosine mask to perform the multiplication required in the integrands of eq. (10). 1In this
fashion the vertical projection (integration) and spreading of the image rotated by the
dove prism in Fig. 4 are accomplished simultanecusly by the anamorphic optical system of
Fig. 8 resulting in great simplification of the input portion of Fig. 4.
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Generation of the required sine and cosine masks was achieved with the aid of a DEC
Modulas Instrumsntation Computer (MINC) 11/2 and a high resolution Tektronix model 606A CRT

to elimination of the € bias problem takes advantage of the vertical uni-

formity of the smeared image ected on the sine/cosine mask to synthesize the equivalent
of a negative traansmittance with incoberent light. The scheme is opto-electronic in nature
since it iavolves differeantial readout of the linear photodetector output shown in Pig. ¢
in oxder to synthesise the negative transmittance. The dynamic bias problem stems directly
from aside from its spectral content, incoherent light can be represented by
its intensity only which is positive real. Similarly the transaittance of any photographic
tnn:zunq (such as the sine/cosine masks in cur schems) in incoherent light is also
positive real. Therefore to represent a bipolar function that can assums negative values
tarms must be added as discussed earlier. The addition of these bias terms in the
tment above has been showm (see eqg. (12)) to lead in the transform F(wyx,0) to a d.c
term, vhich can easily be filtered out in an electronic readout scheme, plus an undesirable
8. ¢ bias term, which can not be excluded from the ocutput without re-
to complicated adaptive filtering. The presence of this undesirable signal dependent

processor. It's elimination would increase dynamic range and enhance perfor-

Our method for the elimination of the dynamic bias term is represented in PFig. 9
shows the mum% t:n-te:::c:ﬁ:k a portion of the sine or e::iu nasks :: two
t frequencies Ugnel® areas represent opaque portions. As the ver-
y-undnn:l::nc!m l':ouudhuouuq. 8 is caused to impinge on such a
the transaittance at each value of x will be proportional to the height of the co-
sinusoidal aperture at that value of x. By focusing the light emerging from the positive
cycles and the negative half cycles of each spatial frequency (as depicted sym-
bolically in Fig. 9 by the dashed lines) on adjacent photosites of self scanned linear
dstector array (or arrays) reading the output Pu, o) of the processor and subtracting the
output of the detectors at these sites we uunuaﬂy make the transmittances of the upper
and lower half cycles of each spatial frequancy of opposite sign realizing thereby a bi-
polar transmittance in incoheremt light opto-electronically. It is indeed fortunate that
many linear self scanned detector arrays marketed today (e.g. Reticon's and Fairchild's)
lend themsalves for use in this schame because norsally the even numbered photosites are
read-cut with one shift registsr vhile the odd numbered photosites by another. By substrac-
ting the ocutputs of the two shift registers, instead of adding them as done in normal use,
above ocutput readout scheme can be realized immediately.

Pigure 10 is an example of a sine/cosine mask that makes use of the above encoding con-
cept. This particular mask was produced on our high resolution computer display for use
with a 256 elemant detector array. The sine and cosine portions of the mask each contain
spatial frequencies extending from -34 to +34. Each frequency requires the use of two
detector photosites for dynamic bias suppressioa. : :
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Pig. 10. Computer generated sine/ Pig. 11. Pictorial view of incohereat
cosine mask. fourier transformer. From left:

object scens, dove prism image ro-
tator, imaging lens, cylindrical
lens for vertical image smearing
and sine/cosine screen, followed
by output part consisting of ana-
morphic spherical/cylindrical
lens system.

The prmodtnq discussion suggests a modified version of the scheme of Fig. 4 for imple-
menting the spatially incoherent Fourier transform. This modified version is shown in

"‘ \‘! ',.i»r r\-‘_..*_..'f PR - g.Q:z._-__._-'A. AR ORI PR
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Pig. 12 and in the pictorial view of Pig. 11. The output portion of the modified arrange- .
ment comprised of components downstream from the sine/cosine mask, makes use of a second -
anamorphic optical system consisting of a spherical lens L3/cylindrical lens L4 combination, -
instead of the coherent fiber plugs CFB4 and CPBS in the original configuration of Pig. 4, d
to horizontally integrate light emerging from the positive and negative half cycles of each "
spatial frequency component in the masks onto pairs of adjacent photosites in the output g
. sels detector arrays DG and Dp. The dispersive prism (or alternatively a dichroic i
beam splittar) is used to separate the two colors (red and green) onto the self scanning ' . s
detector arrays. In this anamorphic output segment of the processor, spherical lens L3
t“lnu the output of the sine/cosine mask on the plane of the cutput detectors while the
tion of the cylindrical lens power in the horisontal direction only focuses the image
detail horizontally over a width equal to the width of the detector. Selection of lenses
L] and L3 and the various spacing between components can be made by referring to the ana-
morphic system representation of Fig. 13. Pigure 13 also suggests that detector arrays with
the largest available width w' are desirable since a large w' relaxes both the focusing re-
quirement from the horizontally integrating lens and the horizontal demagnification of the
systea. The widest commercially available w’ is that of Reticon S-series (Spectroscopic)
self scanning detectors with w'=2.5am. This fanmily of detectors also has separate odd/even
shift register output capability permitting dynamic bias elimination and have a wide band-
width and dynamic range which makes them ideal for this application.

image Retater
Contrel
L .
4 T~ "
w
L . «
q
T v [ s, r % ;1‘
CRT Misre- 1]
“9:'::'- ) O X srecamer
Fig. 12. 1Incohereant fourier transform scheme em- Fig. 13. Anamorphic optical system
. ploying spatial domain projections and for use in the output
color diversity to perform complex ~ part of Pig. la.
transforms.

4. Discussion and conclusions

Optical computing is inherently suited for processing of one dimensional or two dimen-
sional signals. Optical processing of multi-dimensional signals becomes possible through
the application of projection theorems. This paper demonstrates the utility of the pro-
jection~slice theorem stemming from the multi-dimensional Pourier transform in optical

particularly in 3=D tomographic image reconstruction and display.

Two hybrid (opto-digital) processing schemes for true 3-D image reconstruction and dis-
play were described. Both schemes employ space~time multiplexing to display 3-D images
tomographically in parallel slices. The space-time multiplex feature also allows consider-
able relaxation of the resolution capability of the recording device (photographic film for
instance) used to store the projection hologram as compared to conventional holographic 3-D

n‘:'ho one scheme employing coherent optical processing, a 3-D volumetric display, few
centimsters cube in size, is demonstrated. Unaided viewing of the 3-D image is possible
by several observers simultanecusly. The fidelity of the retrieved 3-D image is found to
be quite despite the slight curvature of the oscillating projection surface. It is
worth Mem‘ that the disc fila format of the newly introduced Kodak Disc 4000 camera with
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its 19 circularly distributed exposure cites is perfectly suited for use as the hologram
bearing wheel in this scheme. Replacement of the photographic storage used in m:":chau

& fast recyclable spatial light modulator (SLM) would allow its use with a computer dis-
of uezocuu holmumuy to realize overall real-time operation.

schess enp. incocherent light has the advantage of being able to accept a
oolor CR? or computer graphic video display as the input format directly. It performs the
soguired 2-D Fourier transform of a projection hologram displayed by the computer as a
sexies of one dimemsional incoherent opto-electronic Fourier transforms through the use of
-mmma‘:omm. The scheme can handle complex data by color coding.

bias problem and has the potential for high throughput. Por
oxample use of four self scanning detector arrays of 1024 elements each at 5MHz clock
zate in this scheme would permit carrying out a complete 2-D complex Fourier transform of
100 radial lines each containing 612 £ points in about 10 msec. This indicates a
throughput of €.12 104 operations per msec ch is about two order of magnitudes faster
than a digital array processor. The required dove prism rotation rate then is 6000 RPM.
:o rota period of the prism and the persistance of the color CRT display must however

msatched.

Tradeoff betwesn serial and parallel processing in the scheme of Pig. 12 is possible.
This can be achieved by using ¥ processors of the type showm in Pig. 12 to view the CRT
display (or object scene) ia parallel simultanecusly with each processor handling a differ-
ent set of the 180°/40 radial lines of the fourier transform F(ug,0y) . This would have the
advantage of reducing the processing time by a factor N.

To date characteriszation of the various parts of the schame such as the image rotation
uh{:t-. the integration and image spnuuz subsystem, and the sine/cosine masks has been
completed. BEvaluation of the output segment is underway. Overall performance evaluation is
axpected in the neaxr future.

This work was sponsored in part by the Air Force Office of Scientific Research, Air Porce
:gsc-. mog:d‘z Grant ¥No. AFOSR-081-0240 and by the Army Research Office. under Contract
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Appendix 1
The projection-slice theorem

Lat vY{E) and T'(P) be a Fourier transform pair representing a 3-D object function and its
3-D Pourier transform respectively, i.e.,

TE = L v(® & IPT oF (A-1)

where v defines the object extent and
v@ o Loy 1t P T a5 (A-2)
(2w)
where working in cartesian coordinates T = x I, + y'l'y +2T;andp=px Ix + Py EY +pz I,
are position vectors in cbject space and Fourier space respectively with dr and dp being
differsntial elements in r-space and p-space.
The projection of T'(p) on a given plane, for example the px - py Plane, is

J -
r’nj. (P:ppy) - P, r(P‘oPyaPz') dp‘ ) (A=3)

Substituting (A-1) in (A-3), we obtain
“I(PX + Py ¢ Py2)

r’nj_ (p‘.py) s ff] v (x,¥,3)3/e dp’) dx dy 4z (A=4)
- ’ -jp,2
If the extent of T'(p) is sufficiently large the integration of the exponential e 2 with
respect to p; yields approximately a delta function §(z) leading to,
111 “3(pyx + pyY)
rp“j. (’x"y) = xy3 vix,y,2)8(2) @ dx dy dz
=3 (px - pY)
- g Yix,y) @« % Y dy. (A=S)

where Y(x,y) is a central slice through the object Y(X) parallel to the Pye - py plane.

It follows from eq. (A-5) by the inverse transform that
(px + p.Y)
I U A Ilpex + PyY A
Y(x,¥) -‘")2 Py ’y rproj. (px.py) e dpxdpy (A=6)
which is one form of the required theorem. Accordingly, the projection of the 3-D transform
data on a given plane is the Fourier transform of a central or meridional slice through the
T e R R R
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object oriented parallel to the particular projection plane.
Pourier transform relationships between parallel projections and parallel slices can be
by invoking the concept of weighted projection. Por example let r:”j. (PyPy)
be the weighted projection of I'(P) defined as,

: | Peey. Peeby) = T ) P Coaen :
. .. ... ‘proj. PxePy) = o TPgiByiPy) € Pz . . oo Y
vhere a ia a real weighting parameter. Substituting for I from eq. (A-4) yields, -l
jop : ~J(px + pY + p_2) ¢
; Toroj. (PyePy) = {,z o Ll vy @ Y P ay 4 dp, (A-8)
Carrying out the integration with respect to ps first while assuming the extent of I (P) .
3 in the p; direction is sufficiently large, the integral with respect to pz may be approxi- -
- mated by §(z-a). Bquation (A-8) can then be reduced to,
: ~J(p x + pLY) :
: Toco3. PurPy) = ! Juxy.z = ale T ay (A-9) 3
vhich says that re 4 (PxsPy) and v(x,y,z = o) are two dimensional Fourier transform pairs. .
: The weighted P¥Ol. pourier domain projection theorem follows from the inverse transform 2
(p x + p Y) i
B S Y ™ 3oz + pyy - ,
; Y{x,¥,3 = a) -(2')2 ’g’y rmi. (le’Y). dp‘ dpy (A-10) ,.:
1 Mc;sdmly parallel slices of the object can be reconstructed from the weighted projec- C
tion Iproy. (Px/Py) computed for different values of the weighting parameter a. ~
! Because of the symmatrical nature of the Fourier transform the above treatment can be "
repeated by starting with projections in object space rather than projections in Fourier
space to show that projections of yv(r) and slices of T (p) form Pourier pairs.
“ Pinally it is worth noting that 2-D projectiocns in Fourier space can be regarded as pro-
¥ posed in (14] and (21] as projection kolograms. .
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TOMOGRAPHIC AND PROJECTIVE RECONSTRUCTION OF
3-D IMAGE DETAIL IN INVERSE SCATTERING

e (Reprint from IEEE 1983 Proceedings of the l0th
. International Optical Computing Conference on Non-
conventional Imaging and Transforwms, Boston)
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Abstract

[RCRIAT

A procedure for sccessing the 3-D Fourier space
of a conducting or nondispersively scattering ob-
» ject by sngular (aspect) and spectral diversity is
“N described. Cost-effective data acquisitican in the
L, nicrovave regime is achieved by substituting spec-
gl tral degrees of freedom for the more costly angular
e degrees of freedom set by the number of observation

i points defining the imaging aperture. A novel

" tanget derived reference (TDR) technique is uti-
11zed to generate a synthetic phase referénce
signal emsnating from a point on the target achiev-
ing theredy a 3-0 lemsless Founier hologram re-
cording arrangement that has meny practical ad-
vantages. Applicstiom of the projection-alice
theorem, derivable from the multidisensional
Fourier transform, to the accessed Fourier spsce
voluse is showa to allow the retrieval of 3-D image
detail. This csa be achieved either tomogra-

AL

—a

a9 shown here in the form of a projection image of
the object scattering fumction. Examples of sicro-
wave data scquisitica, data normalization for an
andesirable range dependent phase term via the TDR
method, snd image reconstruction are presented for
a complex conducting test object. The results
shown harald a nev generation of high resolution
3-D imaging radars and can be applied in NDX (non-
destructive evaluation), biowedical imaging, and
remote seusing applications.
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Jatyodyction
The isplemsntation of high resolution longwave
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recording
s0lid sngles at the object. Becauss of the dis~-
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. to form the aperture specially
,; for remots mturm objects when the exteat of
. the sperture required to yield high resolution is

| CH1880-4/83/0000/0082$01.00 ® 1963 IEEE

phically in slices .(or cross-sectional outlines) or

H.H. Farhat, T.H. Chu and C.L. Werner
Electro~Optics snd Microwave Optics Laboratory
University of Pennsylvania
The Moore School of Electrical Engineering 3
Philadelphia, PA 19104 v

quite large. Obviously aperture thinning by re-

ducing the number of elements can be employed to

cut cost. Howaver a systesatic study of ordered

and random aperture thinning (1),[2] indicates

rapid deterioration in resolution and image quality

with degree of thinning. The effect of aperture

thinning is best described by its influence on the

shape and side-lobe level of the impulse response

or point spread function of the aperture {2]. It

is generally true that even with an acceptable de-

gres of thinning, vhere the deterioration of image

quality is still tolerable, the cost of longwave

apertures remains generally high. To overcome this
constraint we have proposed to use a target derived

reference [3]-[6] and demounstrated the ul:ilil:y

of wavelength diversity [3]),[(4) as a means of

making & highly thinned (sparse) aperture collect

more information about a scattering conducting or
nondispersive object thus imparting to the aper~

ture a resolution capability better than would be

possible monochromatically at the shortest opera-

tional wvavelength case. The effect of wavelength

diversity can be explained in terms of spectral

sperture synthesis or as trade-off between costly

spatial degrees of freedom associasted with the

number of elements snd the less costly spectral

degrees of freedom associated vith wavelength di-

versity. Specifically ome can show from inverse

scattering theory [3]-[8] that coheremt multi- )
aspect monostatic or bistatic ssasurements of the T
far field scattered by a plane wave illuminated \
nondispersive object, as a function of frequemcy,
can be used to sccess the 3-D Fourier space I'(p)
of the object scattering fuactionm Y(r), r and p
being 3-D positiom vectors ia object space and
Pourier spece respectively. The scattering func-
tion represents the 3-D geometrical distribution
and streagth of those cbject scattering centers :
that coatribute to the measured field. Normalizs-

tion of the messured field for range-phase,

clutter, and system frequency respouse leads ia P
practice to accessing a finite volume I () of the

Yourier space I'(P). It is possible then as showm ~
by computer simulation in uhracn [3] {4) '
to retrieve a diffraction and noise version

Y4(Y) of the object scattaring function Y(T¥) by

3-D Pourier imnversiom.

In this paper we present first a brief review
of the principle of 3-D imsging by wavelength di-
versity. This is followed by a description of the
procedure used to sccess the 3-D Pourier space of

a aicrowvave scattering object employing an experi-




vhere T is now a 3-D position vector in image space.

+» [Representing next the conjugate variables ; and
p by their cartegian components sud computing the
projection of v(r) on the x-y plane we obtain,

o« o«

Yp“j(x.y) - iv(x.y.z) dz = _i dz

-»
=1 (p_xtp_+p_z)
L{f f(px.p’.p’)c x 'y "z dp dp dp,
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S mental aicrovave imaging facility [9]. Description
:5 of the projection imaging of the 3-D scattering
Al center disgridution of a complex scattering object,
- a8 100:1 astslized scale model of a B-52; is then

v given. Finslly the role of polarization diversity
> to further enhance image quality is briefly dis-
] cussed and implications of the results in radar
‘:,3 inaging and other remote sensing applications are
_.,‘- presented.
N

- Theoretical Considerations
. It is sufficient for the purpose of this dis-
P » cussicn to use a simplified scalar formulation in

which polarization effects are ignored. Them the far
field scattered by the object (under the physical
optics and Borm approximations) in the direction of
th-uttnetori‘duto plane wave illuminsgion

incident in the direction of the unit vector 4 can
' be expressed as, [3]-(8],
A - -Ju L] - -> >
5 Yo.m = P ;v (DI TG 1ed)
_‘. -
g~ where v(i’-) is taken here to rapresent the object
. scattering function, vhich for conducting bodies
£ of interest in this paper departs from zero ouly
5 on the illuminated surface of the body, T is s 3-D
.~ position vector of sa object point measured rela-
AN tive go a origin in the object or its vicin-
> tey, 9 = k(Ip-1;) 1s 2 3-D position vector tn
Fourisr space, dr is the differential element of
‘\:. integration, R 1s the distance between an observa-
" tion point and the common origin and A represents
the strength of the incident illumination. The
) integral in eq. (1) shows that far field measure-
A meuts carried out for a sufficient_range of
kL of 7 that are realised by varying 1z and/or 1
] (sugular diversity) and by varying k (frequemcy or
& wavelength divarsity) permits accessing a finite
- region of the 3-D Fourier space
-> - rod >
‘ I@) = £ v@® JPT e g IR IRy )
B -
“a l‘(;) can be regarded as a 3-0 Fourler transform
P’ of the object scattering function. The
3 size and shape of the sccessed regiom of P-space
- depends on the values of § used in the measurement.
- Bquation (2) shows that derivation of I'(}) from the
measured field Y(3,R) requires knowledge of the
h range R from a reference point on the cbject to
S each observation point im order to carry out the
P required range-phase normalization. ZRquatiom (2)
b showe further that s diffraction and nofse limited
S version of Y(r) can be retrieved by 3-D Fourier
iaversion of the available I'(F). It 1s clear that
- the fusction I'(}) can in practice be determined
- over culy a finite sumber of points defining the
N accessed volume of $-space. We aseume here without
further elsboration that the P-space sampling in-
s terval obeys the Nyquist criterion in order to
o avoid alissing in the image reconstruction. Ia~:
e version of eq. (2) y:ouo.
v &>
= Y@® o [Tt )
7y -
o
Q.J
- 4]

ﬁ': . bv‘ . .
OO 5 LAY

LT P S » ; ." R P O e e L
T e e

«»
=3 (p_xtp_y)

= I T(py 07 PPy ap ap “*)
which shows that ..e projection Y roj(x.y) of the
scattering function on the x-y plxu and s central
slice I'(px,py,0) though I'(p), that is psrallel to
the projection plane are a Fourier transform pair.
Because the Fourier transform conserves rotation,
i.e. votation of the object function results in
identical rotation of the Fourier transform, the
result in eq. (4)_ can be generalized to show that
projections of v(r) in any given direction, other
than the z direction chosen above, is the 2-D in-
verse Fourier transform of a central slice through
I'(?) oriented normal to direction of projectionm.
This projection-slice theoxem vas discussed by
Radon im 1917 [10] and has since been applied to
radio astronomy [11], crystallography and electron
sicroscopy {12], X-ray and radio-emissive tomo-
graphy {13], and to microwave imaging and radar
target shape recognition [3],[4],[14]),[15] and is
applied below in the first demonstration of pro-
Jectlion imaging of scattering centers on a target
from actual aicrowave scattering data ia the (6-17)
GHz range.

Data Acquisition and Image Reconstruction

The test object, a metalized 100:1 scale model
of a B~52 aircraft with 79 cm wing span and 68 cm
long fuselage, wes mounted on a computer controlled
elevation-over-szimuth positioner situsted in sn
anechoic chamber environment. Automated msasure-
ment of the scattered field over sny band in the
(6-18) GHs frequency range is provided by a co-
herent microwave msasurement system consisting of
a microwave sweeper and a coherent receiver as
shown in PFig. 1.

Figure 1.

Recording Arrangement
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It is important to note that the p-space
accessed by rotating the object relative to s
fixed T/R is identical to that accessed by spheri-
cal scanning the T/R about the fixed object over
the same range of aspect angles. The measure-
nent system of Fig. 1 is specifically configured to
provide maximum versatility in the study of broad-
band microwave imsging, holography, and inverse
scattering and in the evaluation of innovative
radar imaging concepts [9]). Plane wave illumina-
tion of the object at an irradiance level of about
10 si/ce? is produced. Circularly polarized trans-
mitting and receiving antemnas are utilized and the
amplitude and phase of the scattered field at the
receiving antenna R is measured with the aid of a
microwave network snalyser acting as a cohereat
receiver. Note the msasurement configuratiom in
Fig. 1 is nearly wonostatic except for a slight
spaciag between the T/R satennas for the insertion
of a microwave absorbing panel (not shown) intend-
ed to minimisze direct leaksgs between antemnas. In
the srrangement shown G = 20° snd Ry = 7m. The en-
tire messurement sequence consisiing of amgular
positioning of the object in asimuth and elevation
in increments of .7°, incremsental frequency step-
ping over the (6-17) GHs in selectable frequency
steps, digitiszation and storage of the amplitude
and phase readings of the coherent receiver is
carried out under control of a DEC Modular Imstru-
mentation Computer, s MINC 11/2, which also perforas
the data reduction and display and all necessary
image computations. The specified accuracy of am~
plitude and phase msssured by the cohereat receiver
are +1.2dB and +4 degrees respectively. Settability
in frequency tuning is possible to an accuracy of
better than 1 Mis through precalibration with a
microwave counter and least squares fit of & quad-
ratic function to the messured frequeacy versus
voltage transfer function of the sweep oscillator
performed by the computer. Frequency incremeating
by 8 = ¢/21 where L is & characteristic size of
the scattering object is chosen to satisfy the Ny-
quist saspling criterion and avoid alissing in the
retrieved image. Assuming L = 79 ca for the B-52 a
8¢ = 86.6 Mis was used requiring accordingly 128
frequency steps to cover the (6.1-17.1) GHz range
employed ia obtaining the data used below. A sin-
mmm‘matmumutmob-
tained for s fixed obj tountuna.hote-ao'
while the asimuth angle ¢ wes altered between ~45°
to #435° relative to broedside orismtatiom of the
n‘d (vh- the u to the
lise bisecting the angle G in Fig. 1) in steps of
.7° for a total of 128 angular locks. This arrange-
-:-Mu-m the $-space data that
would be collee utl m trtu of a
hl urcr t depicted in Fig. x valee
- ia the ucu!h. goometry vec-
- k(I = 2k cos extends from p!
'50323114/-:0’2 2k, cony = 1402.5

of a
tor §
nl
Rad/m in the direction of Ip along the bisecgor of
the aagls G hm 1. In this fashion the p-space
“ml -8 polar format consisting ":f 128 R
 { Mmmunﬂu!tocn ue of
on. sugular spen of 90° with each line con-
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shown in Fig. 4 (a). The time required to obtain
the slice data is of the order of 20 minutes. This
includes measurement time and data correction time.
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=300
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Isaging arrangemsnts equivaleat to that
of Fig. 1. (a) Target synthesised aper-
ture or inverse Synthetic Aperture Radar
arrangemsnt. (b) Imsging radar setwork
arrangement.

In practice_ the measurement system of fig. 1 caa
0ot measurs !(p.l) of eq. (1) directly. Iustead the
measurement is distorted by wndesireble effects of
qlutter and measurement system respomgse. Clutter is
an additive signal component caused by reflections
from the sicrowave sbsortber pameliag covering the
chamber walls, floor ead ceiling and from amy other
present items such as the object mount and positioce-
er. Also included in clutter is any direct sigmal
leakage from the transmittiag to receiving arms of
the msasuremsnt system a&s, for exampls, through an-
tenna coupling. System respouse represents the
combined multiplicative effect of the frequemey re-
sponse of all msasurement system components such as
sntennas, cables, smplif » otc. which can modify
the ssasured values of Y(p,R). Error free determi-
nation of I'(}) requires, tlnu!m. not oaly the
phase~renge normslisetion indicated ia eq. (2), but
also requires correction of the measured scattered
f1ald for clutter and system respomse. The most
significsat advantage of computer controlled suto-

Figure 2.
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mated microwave measuresents, in addition to speed
of data scquisition, is that such corrections can
ba carried out readily by the computer us. algo-
rithms that lead to the determination of I'(p) with
an accuracy unattainable otherwise. One data cor-
rection procedure developed in our work and found
to be quite effective enables the correction of the
maasured scattered field for both renge-phase and
system response simultaneously. The procedure uses
the frequency response of a reference target of
known linesr phase dependencs on frequency and of
coustant asplitude response. Both the conducting
sphare and conducting cylinder satisfy this re-
quiremant over & wide range of bistatic scattering
angles in their physical optics scattering regime
where ka>l, a being the radius [16]). Por both cases,
the frequency dependence of the phase of the co-

represented by exp ~jk[(RréRy) - 2acosa/2] where Ry
and Ry are the distances between the phase centers
of the tranemitting and receiving antennas respec-~
tively and the cemter of the reference sphere or
axis of the reference cylinder vhen either is used
place of the object in Pig. 1 (16]. The correc-
dats for the results presented below were pro-
ed using & conducting cylinder as the refarence
get. The cylinder used was of dismeter 22 = 7.5
length £ = 1w>>)A. A quantitative descrip-
the procedure is given next. Lat,

-3k )
Y5 = ke Oy r@)u(p)+C(p)

be the scattered field msasured by tha system of
Fig. 1. Hare A is a complex constant and R(p) and
C(p) represent ths multiplicative complex frequency
response of the system and the additive clutter re-
spectively. Note that H and C "'8 functions of
wmwp-mzmm;’omi-

sation effects are takem irto account that C(p) is
also polarization dependent. Purthermore C(p) in
oq. (7) contains iaplicitly the effect of the sys-
tem vespomse H(p) on the clutter msasurement. The
copolarised scattered field for a vertically orien-
tad conducting reference cylinder whose axis coin-
cides ia Fig. 1 wvith the azimuthal axis of rotation
is iadependeat of aspect and is given therefore by,
=k (R ) 3meoog-l
.

T (P) = kAe (p)cip).

If the reference cylinder is positioned with its
axis displaced by an amount a in range from the
axis of ssimuthal rotation of the pedestal, the
measured field of eq. (6) becomes,

-skaany)

Y (p) = kia B(p)+C(p). m

with the first term on the right hand side repre-
sent specular reflection at the leading edge of
the ¢y which acts as & line scatterer posi-
tioned on the axis of azimuthal rotatiocu. The co-
polarised scattered field of the displaced refer-
ence cylinder is seen to contsin the required data
correction tarms: the range-phase term, the system
tera and the clutter term. To effect

the clutter term C(p) 1is first
system without any target ia place
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and storad in computer memory. Then the reference
cylinder is positioned as describad above and the
response (of eq.(7)) is measured and stored. The
computer is then used to subtract C(p) from the pre-
viously measured and stored object frequency re-
sponse of eq. (5) and from the stored reference re-
sponse of eq. (7) to finally obtain the required
object response from,

T®) = (v, () <C(P) 1/ (7 (p) = C(P)]. ®)

The preceeding procedure has bean tested in our
studies and found to provide good results. However,
it is frequently not practical or possible to lo-
cate the reference target in place of the scatter-
ing object in order to effect data correction for
range-phase and system response sisultaneously as
described above. This is particularly true when
the object is remote as in actual radar imaging
situations. A procedure different than that indi-~
cated by eq. (8) is then needed. Therefore a more
practical method in which the system response and
the range-phase are determined separately was de~

. vised and applied in obtaining the imaging results

presented in this paper. The method is novel in
that it syanthesizes a phase-reference on the target
realizing thersby all the advantages of a TDR[3]-
[6]. It is based om utilizing the svailable mea-
sured multiaspect frequency response data of the
scattering object to determine the total path
length (RT+RR) between the phase centers of the
transmitting and receiving antemnas to s selected
phase reference point on the object. Clutter is
measured exactly as before, however the reference
target is utilized now only to determine the sys-
tem response H(p). The path-length information for
each "look" or viewing angle (aspect) of the object
is obtained by Fourier inversion of the already
available frequency response data after correcting
it for clutter and system response. This provides
the impulse response of the object for each view-
ing angle as a function of a spatial variable §
proprotional to ct, ¢ and t being the velocity of
1light and time respactively. Because plane wvave
illumination is utilized, the resulting “spatial”
impulse response represents ess%”ially the geo-
metrical projection of the visibie scattering cen-
ters of the object, weighted properly their
scattering strengths, on a line in the lp direction.
With the impulse response information in hand, the
location of the scattering centroid* of the object
ou the £ axis is determined for sach viewing angle
and then used to estimate the range informatiom
(RrtRp) as will be described below. The sccuracy
of this method for determining range information is
well known and is given by ¢/2Af,Af being the widch
of the spectral window utilised in data acquisition
{20]. The last step in data correction, nsmely the
range~phase normalization, can now be carried out
to yield the desired I'(p). This last operation is
in effect equivalent to sn alignment or coalescing
of the positions of the scattering centroids for
the various viewing angles into a single phase
reference point on the object that rapresents a
syathetic TDR.

*This often coincides with the location of a domi-

oant peak in the impulse response whan there is a
dominant scattering ceater on the object.
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To put the above remarks on a quantitative
basis we write from eq. (6),

> e
1) = o5 o Tesearz Py ) - cm1. (9

All quantities on the right side of this equation
are known (from clutter dats and measuremesnts with
the reference cylinder) with the exception of (Ry+
Rp) vhich we determine by Pourier inversion of the
known quaatity,

1 -S(Eﬂl ~s)
6(p) = 351¥, (P)=C(P)) = ¢ 2cosa/2™*Pap)  (10)
This inversion yields,

NGEE WETORL I NS av
where h({) 1is the Fourier imverse of H(p), and
€, = (Ry#R)/2c08 921- a 12)

By tsking £ to equal the centroid of g (see Fig.
3) which {s defined as,
§ =/ &a(®) 4§/ / g(®) 4§ a3y

and equating eqs. (12) and (13) we can detarmine
the range information ) which can then be
substituted ia eq. (9) to yield the system re-
spouse H(p). .

94

ec f

Pigure 3. Plane wave impulse response representa-
tion used im defining the scattering

centroid &..

Baviag deternined E(p) we can find ['(p) from eq.
(5) as,

— ~SR(Ryny)
r@ =g e R Y, ()-C(p) 1/B(p) as)

Agaia we note that all quantities om the right eide
of this equation are nov kmown from messurements
except for the rangs information (Rp+fip) of the ob-
ject vhich will be aspect dependeat since the
scattering centroid is aspect dependent. This term
can be determined as before by Fourier inversiom of,

Qp) = (¥ (P)-C(p))/A(p) = @ re

13)

to firet obtain the impulse response for each view-
ing sngle and then to determine the distance of the
scattering centroid for esch look to find the cor-

RS0, LA AT sl S iy ISt i L
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responding (RT+RR) which can finally be used in eq.
(14) to obtain I'(p).

An exanple of the 0 = 30° slice of I‘(;) of the
B-52 test object extracted from the measured dats
by the above procedure is shown in Fig. 4(as).

Figure 4. Rasults of projection imaging of B-52.
(a) Slice of 3-D Fourier space of ob-
Ject. (b) Same slice in rectangular for-
mat obtained by interpolatiom. (¢) Pro-
Jection image showing characteristic
scattering centers identifisble in the
pictorial view (4).

This represents the real part of the slice data.as
displayed by the computer on a high resolution CRT
display. Pourier inversion of the data in this
slice should yield, as explained previously, a pro-
fection image representing the projection of the
scattering centers of object on a plasne paral-
lel to the plane of the e slice. Digictal
FYourier inversion of the slice data re-
quires its conversiom first from ths polar format
in which it is originally acquired to a rectangular
format suitable for application of the 2-D Fast
Tourier transform. Comversion from polar to rec-
tangular formst was achieved by means of a weighted
average of four nearest data points
algorithm [17]. The result is shown in Fig. 4(b).
Typical interpolation time on the MINC 11/2 for the
16K complex data point of the F-space slice was
sbout 10 minutes. The result of applying the 2-D
TIT to the interpolated data is shown ian Fig. 4(c).
This projection image is actually magnified ia the
vertical direction by s factor 1/cos® = 1.155 in
order to obtain a properly scaled projection image
of thes escattering ceaters as they would be seen ia
a bottom view of the B-32 shown in Pig. 4(d). The
same scaling effect can also be achieved by scal-
ing (comtracting) the slice hologram of Fig. 4(b)
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in the vertical direction by the same factor 1/cos®
before imterpolation and Fourier inversion. It is
seen that prominent characteristic scattering cen-
ters of the B-32 e.g3. engines, fuel tanks and fuse-
lage are delineated clesrly and in the correct geo-
metrical relation and relative size to enable rec-
ognition and classification of the scatterer. The
image resolution achieved is of the order of 2 cm
and is in agreement with theoretical predictions(3)

Discussion
Several importaat couclusions and remarks can
be drawvn from the work presented. :

(a) The principles and methods discussed show how
to access the 3)-D Fourier space of a nondispersive-
ly scattering object by angular and wavelength di-
versity. Although oot specifically discussed in
this paper, polarization diversity can slso be em
ployed to imcrease the smount of information in the
accessed Pourier space.

(b) The accessing of the Fourier space is facilita-
ted through the use of s novel synthetic target de-
rived reference (TDR) technique whose advantages
have besn enumsrated elsevhere (3]-{6] and whose
effectivensss has been demonstrated here in the
microwave regims. The TDR method has been used
routinely ia our tomogrsphic and projective imsging
of complex objects yielding unprecedented resoclu-
tions. The TDR techaique results in a recording
arrangenent that yields vhat can be regarded as s
3-D lensless Yourier tramsform hologram.

(c) The first ceatimeter resolution microwsve pro-
Jection imeging of scattering cemters of a complex
conducting body from messured data is demoustrated.
This is achieved by applying the projection-slice
theorem to realistic microweve scattering data
collected in our experimental microwave imaging
facilicy.

(d) Projection imeging of characteristic highlights
or scattering centers of a complex shaped object of
the kind employed in this study is showmn to provide
sufficient geomstrical {msge detail to enable iden-
tificatiomn.

(e) Centimster resolution is demonstrated through
the use of frequancy diversity in the (6-17) Giis
rangs and angular diversity over %/2 in the data
acquisition aad by using digital image reconstruc-
tion. Emcelleat microwave image quality is obtain-
od from dats contasined in a single finite slice of
the Fourier space accessed in an sngular format of
128 equslly spaced radial lines covering an angle
of 90° with each radial line containing 128 complex
data points. A study, not reported here, of the
effect of sugular apertute and reduction,
shows that reducing the number of radial 1linss (ss-
pect sngles) covering the 90° angular sperturs from
128 to 64 hardly causes sny noticeable chauge in
inage quality while narrowing the angular sperture
to 45° does not degrade image quality to smy sig~
nificant degree that renders it unrecognissble.

(£) The retrieved image is nearly free of the
speckle noise that plagues conventional coherent
inaging systems [18] and particularly microwave
inaging systems. Speckle noise suppression is at-
tributed to wavelength diversity which tends to
make the impulse response of a coherent ismsging
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system change from bipolar (i.é. with negative side-
lobes) to unipolar making it thus behave like a
speckle free incoherent imaging system (19].

(g) The concepts described and verified in this pa-
per show for the first time how a network of widely
dispersed, extremely broadband, coherent radar sta-
tions can be used in a cooperative mode to produce
2-D projective images or 3-D tomographic images of
distant aerospace objects with unorecedented resolu-
tion. This resolution can exceed the capabilities of
optical imaging systems whose operation, unlike mi-
crowsve systems, is severely hindered by atmospher-
ic effects.

(h) The results presented here were obtained from
data collected without having to maintain phase co-
herence from one angular frequency response measure-
ment to another. This has important practical ad-
vantages vhen multiaspect interrogation of the
scatterer with an array of broadband monostatic co-
herent transmitter/receiver elements is employed as
the mode for data acquisition as envisioned in the
proposed radar imaging network since it indicates
that aaintenance of phase coherence between the
sources at the various stations is not required.
This eliminates the need for reference signal dis-
tribution networks which are knowm to be a major
obstacle in the realization of giant coherent micro-
wvave imaging apertures (5] because of economical
and practical constraints on their implementation.

(1) Despite the fact that for the distance Rt = 7m
and scatterer size L = .79m the receiving antenna
position in Fig. 1 is hardly in the far field zone
(*>L2/)\ain) of the scatterer, high quality images
were obtained using algorithas that stem from far
field inverse scattering considerations. This
seems to indicate that the imsging methods de-
scribed here are applicable to intermediate range
applications and possibly with some modifications
to near field imaging situations.

(J) The Fourier space slice accessed by the measure-
sents described here using our cxpcrh.nt&l. aicro-
wvave imaging facility is identical to the pP-space
that one might access in the inverse SAR geometry
of Pig. 2(a) or the imaging radar network geometry
of Pig. 2(b). This can readily be verified by
drawing the P-space sampling format for these equi-
valent geomatries to find that they are tdentical
since both access the p-space of the scatterer over
the same range of aspect angles one doing so se-
quentially in time as the scatterer progresses in
its flight and the other acquiring the same data
simultaneously. The questions of p-space acquisi-
tion in the presence of scatterer motion and simul-
taneous interrogation where "cross-talk" can be a
probles in the arrangement of Fig. 2(b) have been
considered in our work and will be addressed in a
future publication.

-
(k) Customarily, the function Y(r) is identified
as the characteristic function of tha scatterer de-
fined as being unity within it and zero outside (7],
[8]. The results presented here show that in
practice Y can assume zero values on those parts of
the scatterer's surface that are not seen by the
system (i.e. do not scatter radiation in the direc-
tion of the observation point or points) such as
the case of the flat wing sections and other gross
detail in the example of the B-52 test object
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utilized ia this work.

(1) The two vertical wedges appesring in Fig. 4(c)
are the projection image of the vertical plexiglass
aras supporting the test object (see Fig. 1l(a)).
Since the clutter information used in the data
correction procedure is obtained for a single posi-
tioner orientation in ¢, it wvill remove the effect
of all eyliadrically symmetric features of the
positioner that do not change vith ¢ from the image
such as the vertical plexiglass tubing but not the
vertical plexiglass arms since these lack cylindri-
cal symmetry. The imaging of the plexiglass arwe
is evidence of the effectiveness of the methods
described here in imaging of composite (metalic/
dielectric) bodies.

(=) Since scattering from a complex shaped object
is polarisation dependent, polarisation selective

length and polariszation diversity imaging method
capable of providing more informatiom about the
scattering object.
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APPENDIX VIII

o TOMOGRAPHIC IMAGING OF DIELECTRIG BODIES
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TOMOGRAPHIC IMAGING OF DIELECTRIC BODIES

o -

This task of our research program is concerned with the ability to image 3
dielectric and composite bodies using the A and polarization diversity imaging
techniques developed in our work. There are several reasons for this concern.

One is the fact that many objects of interest in remote imaging are

e At

composite in nature i.e., they contain conducting, semi-conducting, or dielectric
parts. Another is the important role that can be played by an effective means
i -of 3-D visualization in nondestructive evaluation (NDE). Microwave and milli-

meter wave (mmw) visualization of internal defects and flaws can be particularly

NERNN 5% O N . P

é important in materials that do not lend themselveg.to inspection by ultrasound
; techniques such as large solid propellant grains*. Preliminary results of .

(6-17) GHz microwave projection imaging of a dielectric test object consisting . i
E of two concentric cylindrical tubings of .3 cm wall thickness and inner and ;
; outer cylinder diameters of 4.750 cm and 29.70 cm respectively are given in E

Fig 1. The object was mounted on an elevation-éver azimuth positioner as :
i ~ shown in the top photographs of Fig. 1 and horizontal plane slices of iés :
% Fourier space where accessed over an azimuthal angle range of 0 < ¢ < 360° for N
; different values of elevation angle 6 (= 0°, 20°, 30°). Since a single Fourier

space slice is measured, the images retrieved from it by Fourier 1nversi§n will, ’)

in accordance to the projection-slice theorem, correspond to projections of

the object scattering function on a plane parallel to the projection plane.

Such projections are shown in the second row of Fig. 1 for the three values of ©

4

]

} chosen. N
A N

* R.W. Cribbs and B.L. Lamb, "Resolution of Defects by Microwave Holography",
Proc. of the Engineering Applications of Holography Symposium, conducted
for ARPA by TRW Systems Group, Los Angeles, Feb. 1972.
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Fig. 1. Results of microwave tomographic imaging of two concentric plexi-
glass cylinders shown in the two views of the top row mounted on
elevation-over-azimuth positioner. Second row - Digital reconstruc-
tion from Fourier space slices obtained using a 6-17 GHz spectral
window and 360° angular aperture. Bottom row - Digital reconstruction
from equivalent computer simulation. 8 is the angle between the
cylinder axis and the vertical.
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The projection images shown are seen to have adequate resolution for identi-

fication of gross detail but obviously not for the identification of other

features such as possible voids, cracks, delaminations and other fine detail
and imperfections of interest in NDE which would require higher mmw resolu-
tions. Also shown for comparison (bottom row of Fig. 1) are the results of
a computer simulation. It is seen that good agreement exists between the ex-

perimentally and numerically obtained results.
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APPENDIX IX

~ PROJECTION IMAGING OF INCOHERENT OBJECTS
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| PROJECTION IMAGING OF INCOHERENT OBJECTS

o
L Theoretical considerations show that the concept of 3-D tomographic

. imaging by wavelength diversity is extendable to incoherent radiation and
;"g thus to thermally emitti:ig objects [l1]. Verification of this concept can
%ﬁ lead to true passive 3-D imaging (radiometry or thermography) capabilities

' with important implications in surveillance, remote sensing and possibly radio-
"’; astronomy. Specifically we have shown, [l1], that spectrally selective cross-
§;$: correlation measurements or equivalent cross-spectral density measurements of
J’ the random waveficld emitted by a 3-D incoherent source of brightness distri-
*-35: bution b(r) can be employed to access the 3-D Fourier space B(p) of the emitter
2::5 where .1; - k(-inl - Ikz). IR] and IRZ being unit vectors from an origin in the
- object in the directions of the observation points located at ;1 and ;2 and k
j being the wavelength (central wavelength of the synchronously tuned filters
‘ﬁ used to achieve spectral selectivity in the correlator arms).
o Successful verification of the concept was achieved recently employing
:‘ acoustic noise emission rather than microwave emission because of easier
‘i}; and less costly implementation. Because of the large ratio of velocity of
- light to velocity of sound (:106) the same wavelength ranges of interest in

e ! incoherent microwave frequencies can be achieved with sound frequencies

ri that are 106 times lower i.e., sound spectra in the KHz range.

o : Two acoustive measurement systems have been implemented to experimentally
. B
" verify and study 3~D interferometric imaging of incoherent objects. Both measure
; the cross-spectral power density. One directly by spectrally selective cross-
‘**‘f.’ correlation measurements (see Fig. 1) and the other indirectly (see Fig. 2) by
;f‘ measuring the coherence function I‘(?l, ?2, 1) first, then Fourier trans-

2

1 -l-
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forming w-r to T, where ;i and ;é being the position vectors of the trans-
ducers. The receiving transducers in both systems are wide-band condenser
microphones each located approximately 8 meters from the object. The angle
between them as seen from the object is approximately 60°. The object itself
consists of 5 dome tweeters arranged in a 3-D array on top of an azimuth
positioner (rotating pedestal). The rotation of the pedestal is controlled
by a MINC 11 Computer which coordinates system data acquisition and storage.
The first system shown in Fig. 1 utilizes digitally controlled dual

switched capacitor band-pass filters that select quasimonochromatics bands

of the received signals. The Q of these filters is on the order of 200

which implies a 50 Hz bandwidth at 10 KHz. The filter outputs are multi-
plied and integrated to form an estimate of the cross-spectral density.

The second system is based upon measurement of the mutual coherence

function. By the well known Weiner-Kinchin Theorem the cross-spectral power
density and the mutual coherence function are a Fourier transform pair. Hence
knowledge of the former leads to determination of the latter via a discrete
Fourier Transform. This system is shown in Fig. 2. It utilizes two CCD20 48
stage bucket brigade devices in order to achieve a programmable analog delay.

The MINC 11 Computer can program the delay time in 7us increments. The mutual

coherence function is measured by chinging the delay in one channel relative

E to the other channel. The product of the two channels is then integrated to

F’ yield an estimate of the coherence function. The width of the correlation

E peak resulting from a point source is inversely related to the bandwidth of

Eé the systems which in turn determines the range resolution. System resolution )
%; 18 found to be on the order of 1.5 cm. An example of a measured cross-

% correlation function of an incoherent point source, a single dome tweeter, is

iﬁ shown in Fig. 3. This was obtained with the arrangemeut of Fig. 2.
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Fig. 3. Results of a cross-correlation
measurement of an incoherent point
source.

In order to obtain a three dimensional image of the 3-D test object l

described earlier the multiaspect cross-spectral density must be measured

over as large a volume of Fourier space as possible. Successive slices
of the object can then be retrieved using Fourier's domain projection
theorems.

Recently, single slices or correlograms of the 3-D Fourier space if;)
of the incoherent test object were obtained. These correlograms were
employed in a digital reconmstruction scheme identical to that used in the
reconstruction of our wavelength diversity holograms to produce the first'
projection images of a 3~D incoherent object.

The results to be described below show the validity of applying the pro-
Jection-slice theorem (see Appendix VI) in the context here and are therefore

indicative of the feasibility of tomographic imaging of 3-D incoherent objects

from cross-spectral power density data. Note that our work differs from
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medical radio-emissive tomography that is based on flux density measurements
}; that are noninterferometric in nature.
Eé Pictorial views of the measurement system utilized are given in Fig. 4(a).
The 3-D noise emitting object, shown in Fig. 4(b), was realized using a -

?é 3-D formation of five acoustic tweeters as mentioned earlier excited from

ég independent random noise generators in the (.6 - 13.5) KHz range. The .
;{? tweeter assembly is mounted on a computer controlled azimuthal positioner

3; that is used to change their azimuthal angle ¢ relative to the sensors.
-ig The random wavefield ptoducea was transduced at two points in space separated
;; as seen from the object by angle 6 = 60° with the aid of two condenser micro-

y phones shown in Fig. 4(c) and the cross-spectral power density of their out-
;ﬁ puts was obtained using the indirect arrangement of Fig. 2.

2 The correlogram recorded when only two of the five tweeters, indicated
; in the top view given in Fig. 5(a), were excited is shown in Fig. 5(b)
:5 Figure 5(b) 1s the real part of the correlogram as recorded by changing
i? ¢ in Fig. 5(a) over a range of 180° in 196 steps and plotting the measured
P cross-spectral density radially over a range equivalent to the (.6 - 13.5)
b ; "KBz spectral window utilized. The correlogram comsists of 196 radial lines
;;: each consisting of 48 frequency points and represents the data in a slice
fy of the Fourier space of the object. A digitally interpolated version of -
;f this correlogram was obtained by a four-nearest-neighbors algorithm [2].
‘ia In accordance with the projection-slice theorem, Fourier inversion of the
i:. data in this slice should yield a projection image of the brightness distri-
3

bution of the source as projected on a plane parallel to that of the slice.
The results of 2-D digital Fourier inversion of the correlogram slice of

Fig. 5S(b) after interpolation is shown in Fig. 5(c). This preliminary result

-6~
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- Fig. 4. .Pictorial detail of measure~
o ' ment system employed in
“ accessing a slice of the 3-D
! FPourier space of su incoherent
v 3-D acoustic source. (a) In-
strumentation including ampli-
. fiers, programmable delays and
%y multiplier. (b) View of 3-D

distribution of five acoustic
t" noise emitters (tweeters).
) (c) View of one of the two
;", condenser microphones used for

sensing the random acoustic . -
P field in the (.6 - 13.5) KHz
; range.
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(d)

(c)

Fig. 5. Results of the first wavelength diversity correlation
imaging experiment of two acoustic noise emitters
(tweeters) in the (.6-13.5) KHz range. (a) Top view
of source geometry (T and T2) relative to transducer
microphones (M3 and M3). (b) Real part of Comrelogram
and (c) Digitally retrieved projection image.
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represents the first successful experimental verification of the concept of
projective imaging of 3-D detail of an incoherently emitting object employing
spectrally selective cross-correlation measurements or equivalent cross-spectral
density measurement. The results pave the way to true 3-D tomographic imaging
of such objects and raise intriguing questions on the 3-D object information

content in random wave-fields produced by thermally emitting objects.
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APPENDIX X
SPECKLE SUPPRESSION BY WAVELENGTH DIVERSITY
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SPECKLE SUPPRESSION BY WAVELENGTH DIVERSITY

Considerable progress in the understanding of speckle, its use, and
its elimination has been achieved (see for example [1]-[4]) following the
advent of the laser when the observation of speckle and its related phenomena

became a routine everyday occurrence. This progress has resulted in good under-

standing of the statistics of speckle patterns formed in polarized monochro-
matic electromagnetic fields. These are shown to result from a classical random
wvalk in the complex plane with the resulting irradiance fluctuations obeying a
negative exponential law and the contrast of the speckle pattern, defined as
the ratio of the standard deviation to the mean, being equal to unity [8].
Examples of millimeter wave images illustraing the deleterious effect of speckle
on image qunty and effective resolution are shown in Figs. 1 and 2. Most
methods for the reduction of speckle [1],[2]),{3]-{8]) rely on either frequency
diversity, spatial or angular diversity, or ﬁolarization diversity all of |
vhich are naturally present in wavelength and polarization diversity imaging.
In particular the effect of mclcﬁgth diversity in suppressing speckle can be
explained in terms of decorrelation of the speckle patterns at the various re-
cording frequencies making thus the effect of speckle on the recorded data re-
semble that of random noise. It can be appreciated from this brief discussion
of speckle that the wavelength and polarization diversity imaging. method has
inbuilt mechanisms for luppru.oing speckle noise. This leads us to expect

o that the reduction by speckle of the information content of obtained images
should not be excessive. This speckle combating capability is one of the most
significant features of wavelength and polarization diversity imaging allowing it
to combine the bC'lt of two worlds, the world of incoherent imaging where speckle

noise is nonexistent and the world of coherent imaging where sensitive heterodyne

detection techniques and versatile data acquisition and processing is available.
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Fig. 1. 90 GHz (A = 3.2mm) radar image of an M-48
-tank showing deleterious effect of
speckle. [From Ref. 12]
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Fig. 2. 70 GHz (A = 4.3mm) scanned T/R imaging of a 1:64 scale model

From top to bottom: object, hologram,
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N of an F-14 aircraft.
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and retrieved image degraded by speckle or coherent noise.
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Our research program calls for closer examination of the effect

of speckle noise on information content. Therefore to understand the role

of wavelength diversity in suppressing speckle we consider an ideal A-diversity
imaging situation in which the ;—space of the object is accessed over a ball of
radius P, = Zkb by monostatic multiaspect interrogation of a scattering

object over an angular aperture of 4T[sr]. The volume of this ball

in Fourier space is represented by,

- - 1 U B B B B B ) p < po
H(p) = e))
0 ssesese elsewhere

The 3-D impulse response or point 4pread function (PSF) obtained by 3-D
Fourier transformation of eq. (1) is [9],

3

2 2 {sinc (por) - cos (por)} )
(p,r)

. 4
h(r) =

and i{s seen to be spherically symmetric. In eq. (2), T is a position vector
in spatial domain. In comparison H(p) for a spherical shell in p-space of radius

P=p, and unit strength can be described by (91,

1
secacssee p <p<p +€’ e<<p
lmpoz c o o o

H(p) = (3)

] esssecsssess lsevhere

which can be accessed by using monochromatic radiation at wavenumber ko =D o/ 2
and angular diversity of 4w[sr]. Fourier inversion of eq. (3) yields, the

3-D PSF,

h(r) = sinc (por) (4)
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Equation (2) can be utilized to determine the 3-D PSF of a spherical shell
23 in ;;space extending from Py to P, > Py by simply replacing P, in eq. (2)
by P, and Py respectively and subtracting the two resulting expressions.
This procedure can be also extended to evaluation of the PSF of a series of

concentric ;;space spherical shells of arbitrary thickness arising whei.

AL

frequency diversity measurements extending over several available nonover-

lapping frequency bands.

HRARSRT)

Using the above results the PSF for monochromatic and

broadband (wavelength diversity) imaging systems operating in different

PRI LN

regions of the uwave and_mmw spectrum were computed. The results are shown
in Figs. 3 and 4. In Fig. 3(a), the monochromatic 18 GHz PSF (inner curve)
and the broadband (2-18) GHz PSF (outer curve) are compared. Similar results
are shown in (b) and (c) for 17 GHz versus (6-17) GHz and 40 GHz versus

first zero crossing Ar , and the

;
-
g (2-40) GHz. The 3 dB width Ar rero

3dB’
first sidelobe level for all these cases are summarized in Table I. It is evi-
dent from the results shown that wavelength or frequency diversity results in a

slight broadening of the PSF but has the important effect of suppressing the side-

N P N

lobes of the PSF as compared with those for the monochromatic shortest wavelength

o

-, (or highest frequency) in each case. The degree of sidelobe suppression 1is ;

greater the smaller the value of the lower bound on the frequency spectrum
utilized. Of significance is the fact that the PSF: for the (2-18) GHz and
the (2-40) GHz cases ig essentially unipolar, i.e., they are essentially

k‘ positive real as for {ncoherent imaging systems that exhibit no speckle noise.
ks Similar behavior is exhibited in Fig. 4 and Table II which present similar
results for the PSF of several idealized monochromatic and broadband imaging
systems operating in the (18-96) GHz range. The broadband (18-96) GHz case is
computed for three non-overlapping waveguide bands where travelling wave tube

anplifiers are commercially available. These results show that high resolu-

IPO | -3 W PR, -

tion speckle free wavelength diversity imaging is possible through the use of

broad frequency bands with small lower frequency limit.
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Fig. 3. Computed PSF of several idealized monochromatic and broad-
band imaging systems operating in the (2-40) GHz range.
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Fig. 4., Computed PSF of several idealized monochromatic and broad-
band imaging systems in the (18-96) GHz range. The (18-96)
GHz range is covered in three nonoverlapping bands specified
in Table II.
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4 3dB i .74 1.27 .78 1.12 .33 .58
: fca] |
g !Arzero © 1.67 9.13 1.75 2.68 .75 9.76
& '[cm] : i
2 1st side ? i
‘lobe i=13.4 ~62.5 -13.4 =23 -13.4 -46 :
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Table I. Comparison of PSF of several idealized monochromatic and broad-
band coherent imaging systems in the (2-40) GHz range.

18 GHz 96 GHz (18-96) GHz in Three Frequency Bands |

j ks 40 49.5 58 91 96 . it
X ol - ‘
% ‘Ar : :

3dB 7.37 1.38 2,5 !
¥ 8% ero 16.67 . 3.125 10.7 L
W, | [m] :

'side-1lobe
‘1evel [dB]
Y 1st -13.4 -13.4 =23 ; :
¥ 2nd -18 -18 -36./ |
X J :
Table II. Comparison of PSF for several idealized monochromatic and

3 broadband coherent imaging systems in the (18-96) GHz range.
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Finally in this section it is worth pointing out that the PSFs of

the solid sphere (ball) and the spherical shell sampling formats in ;;space
described by eqs. (2)-(4) are

behavior. The similarity of the two PSFs becomes immediately evident when

one applies the projection slice theorem (Appendix VI) to the two sampling
formats as elaborated upon in Appendix V. As long as the p-space sampling
format has in any direction an extended projection, as is true for the ball and
the spherical shell where the projection areas are also equal, the 3-D PSF will
contain a sharp central peak. Accordingly if we were to access the p-space

of an object over a portion of the spherical shell (a cap) as is done in
conventional monochromatic "sector scanning” or "rotational scamning" (10],
[11]) one can lose the 3-D imaging capabilities very rapidly as the depth of

the cap diminishes (case of lensless Fourier transform hologram discussed in
{11]). This is so because not all directional projections of a shallow cap are ex-
tended in area and therefore not all central slices of its PSF are of compact
support (narrow extent). The above reasoning provides a new and general way
of viewing imaging processes, whether broad-band or narrow, in such a way

as to enhance our insight and understanding.
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MICROWAVE IMAGE RECONSTRUCTION BY BACKPROJECTION
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%'4 MICROWAVE IMAGE RECONSTRUCTION BY BACKPROJECTION

i In this appendix we show that a method for image reconstruction other

% than that used in our work to date exists. The method is based on a back-

' projection algorithm similar to that employed in medical computerized axial

3 tomography. The electromagnetic inverse scattering basis for the technique
is briefly described here together with a Fourier optics interpretation of

f?{ the backprojection algorithm. Examples of images obtained using the back-

;" projection algorithm are presented and compared with those obtained nsihg

Fourier inversion.

3

%" Theoretical Basis

] It is well known that monostatic or bistatic multiaspect scattering

'j measurement techniques can be used to access the Fourier transform of a

' scattering object. The far field measured in the direction of the unit
vector ik due to plane wave illumination in the direction of the unit

i vector T’_ of a perfectly conducting scattering body is given by,

;

) Yo = -1-“—212—“ O] ) |

X

§ wvhere we have assumed monostatic probing (T.R = -Ii) with R being the dis-

A

tance between the transmitter/receiver and the origin in the object and

where,

R L)

I = f v@® JPT & @)
ob]

et

g

is obtained from the measured field (1) by,

-1~
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;'and ;'being position vectors in Fourier space and object space respec-

tively, with,

F-k(TR-Ti)-pr ' ' %)
and,
p-l?l'\/i;'chos%.k-% (5)

Here o is the angle between TR and I:I. and the monostatic case is denoted by
o = 0. The scattering function Y(;) represents the 3-D distribution and

strengths of scattering centers on the object. It is given by the 3-D Fourier

inversion of I'(p),

YO «L2— s 1@ TG 6)
@m)

Equations (2) to (5) indicate that the 3-D Fourier space of the scattering
object, i.e., the Fourier transform of the scattering function, can be
measured by changing k for various fixed values of Ip over a finite region
of p-space (Fourler space) along radial lines emanating from the origin of a
Px”y” N coordinate system. The exact shape and size of the accessed
Pourier volume depends on the values assumed by the vector P i.e., on the
spectral window utilized and on the range of aspect angles of the object
for which the scattered field is measured.

To simplify the following analysis, without loss of generality of the
results, we assume Y(r) consists of a collection of point scatterers of

amplitudes L located at 1 which can be represented by an array of three

dinensional delta functions of weights 8,
2=

] MW WY - -
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vhere § is the Dirac delta function. Combining eqs. (2) and (7)

e (8)

Now for any fixed direction Ip eq. (1) becomes

-12% R
vw = —— 1 BT W <0< 9)

The inverse Fourier transform of Y(w)/w represents the temporal impulse
response of the object as measured from the direction IR This will
be,
.j.‘! R

g) SF YW 3 . d - @) e © TEET) J®aw (0

w 2 e ¢ R
@mn”.

where,

1l ..... wl <w< “’2
H(w) = (11)
0 ..... elsevhere

represent the rectangular spectral window utilized in the measurement ex-

tending from wy to w,. Making use of eq. (8) in (10) and making use of
eqs. (4) and (5) we obtain,

g(t)-—J—f f"n(m)z 8 e 10 ¢ ‘jmt dw
(2m) - i
12)
«—ls ne)* I a Olc- %+-§- &, 1
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or,
b - -
g =—5 I ane-2 +2q.0)) a3)
5 (2mR 1
¢
L ‘
‘ where h(t) is the inverse Fourier transform of H(w). The advantage of ,’
2
. using wide spectral windows that make h(t) approach a delta function are
{
J obvious. In that case the temporal impulse response of the object as s
‘ measured from a given direction TR will be composed of a train of narrow
'- impulses occurring at,
t, =2 ®~T%, 1) (14) ;
s i ¢ iR
1 All scattering centers for which !
.‘ :
3 1:1-1R = const (15)
are seen to occur at the same time. Equation (15) is that of a plane

normal to IR’ Therefore all scattering centers lying in a plane normal
¥ to IR will contribute a combined echo. The impulse respomnse g(t) repre- ;
y sents therefore the projection of the scattering strengths of all scattering
: centers of the object that lie in planes normal to IR on a line parallel to IR'
ud
- In other words g(t) measures the projection of the 3-D scattering function
- Y(¥). of the object on a line parallel to 1. which we call the projection :
, Line, By repeating the measurement g(t) for a sufficiently large number .
|
2 of different directions IR (different object aspects), enough such 3-D to 1-D pro-
jections can be obtained to allow reconstructing 'y(?) by backprojection. *
; -
g The required backprojection algorithm would consist of: .
¢
“ (a) Alignment of the various g(t)s in time to eliminate any unequal

propagation time delay 2R/c as could occur when an array of transmitter/

receiver stations is employed in interrogating the object from different
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aspects and the range R between each station and a prescribed origin on
the object are not equal. One way of making this alignment is the TDR
method described in Appendix VII. Another is based on cross-correlating
the impulse responses g(t) belonging to angularly adjacent observations
(looks). Since for adjacent aspect angles the g(t)s will be caused mostly

by the same scattering centers they will be highly correlated. The time dis-

”
placement between adjacent g(t)'s required to achieve maximum correlation

A represents then the relative shift in the location of the scattering centroid

4 of the object. The shifts between successive angularly adjacent looks can

j then be used to sequentially correct the time delays of the g(t)s obtain the

. required alignment. Once this time alignment or equivalent range correction :

: is achieved one proceeds to the next step of the algorithm. f

g‘ (b) The second step of the backprojection algorithm consist of orient-

. ing the range corrected functions g(t) in 3-D space along the directions of ' )

g their ii vectors and backprojecting or "smearing" the values of each g(t)

; in space into planes normal to the lines of projection and adding the 3

X results in 3-D space to reconstruct an image of v(@). - ’

g Our work to date has focused on accessing a single slice in the Fourier :

X ' X

space of the scattering object by changing the object orientation in azimuth .

only. A projection image of the scattering centers of the object is then

XS
« o

O

retrieved by Fourier inversion of the polar formated slice data or "slice holo-

R

gran" (see Appendix VII), Clearly each radial line in the polar formated p-space

v es

slice represents the frequency response of the object measured from a different

sspect angle. Fourier inversion of the data in a given radial line yields, K

v ey

as discussed earlier a "temporal response” or "finite-width-impulse response" ;

which represents essentially the projection of the scattering centers of the z
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3-D object on a line in the ib direction. In other words, multiaspect fre-
quency response measurements of an object represent indirectly the projec-

tion of the scattering centers of the 3-D object on lines of different
orientations determined by the directions of viewing. This suggests as

pointed out earlier that image recomstruction should be implementable using
some sort of backprojection algorithm. Indeed the feasibility of such an
algorithm can be appreciated by examining the coherent optical Fourier trans-
form arrangement of Fig. 1(a) utilized in optical image retrieval. The re-
constructed image resulting from the optical Fourier transform of the fan-
shaped pattern I'(p,$) of the projection or slice hologram in Fig. l(a) can

be viewed as being produced by coherent superposition of the Fourier trans-
forms of the individual radial (constant ¢) lines in the hologram. An ex-
ample of the Fourier transform of two such lines is showm in Fig. 1(b)

where the Fourier transform of each line is seen to be smeared uniformly in

the Fourier plane or image plane in a direction normal to each line. Super- '
position of these two smeared complex field patterns in the image plane pro-
vides the contribution of the data in the two radial hologram lines to the
image. This Fourier optics interpretation of the optical image retrieval
process should also be implementable digitally by Fourier inversion of the in-
dividual frequency responses in the projection hologram (or slice hologram) for
each ¢ to obtain a collection of corresponding temporal responses. By proper
temporal and angular alignment of these temporal responses as described earlier -
and by smearing or back-projecting each in a direction normal to its angular
orientation and adding all the backprojected data at every point coherently we
expect to reconstruct the image of the object. One aim of our backprojection

reconstruction effort is to analyze and study backprojection algorithms digitally to }
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Fourier optics interpretation of back-projection algorithm.
(a) Optical Fourier transform of p-space projection or
slice hologram. (b) Contribution of two p-space lines

to retrieved image.
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see whether they offer any advantages over the digital 2-D interpolation/Fourier

transform method used in obtaining the images shown earlier. For example an imme-

4

'S diately recognized advantage of the back-projection algorithm over the FFT algo-
3% rithm is that it does not require data transformation from polar to rectangular
W formats as needed for applying the 2-D digital Fourier transform. Data b
§£ interpolation may therefore not be necessary. Another advantage is that

v?} the range normalization and "phase tweeking" algorithm described in Appendix .
i VII are directly applicable to the temporal response data for synthesis of

;i a TDR. It is also an aim of this aspect of our study to apply a variety of

,5; filtering operations, that have been successfully utilized in tomographic

~% x-ray reconstruction from back-projections, to the temporal response data

o4 before backprojecting and reconstructing the image and to assess their influence
-:3 on image quality.

o

) Experimental Results

7

o Preliminary results of an image retrieved by digital implementation of

¥ the backprojection algorithm described above are presented in Fig. 2. The

3 data utilized is that of the B-52 scale model test object collected as -

Y described in Appendix VII and employed there to retrieve the image shown in

‘é Fig. 4 of that Appendix by Fourier inversion. Figure 2 shows a sequence of
'; 3 photographs illustrating how the image emerges as data from an increasing
:? number of projections are added. In obtaining the result in Fig. 2 each line

: in the ;;space data utilize& was individually multiplied by a ramp function
2: or passed through an Rsl, filter [1] before Fourier inversion to obtain the

%i corresponding temporal impulse responses to which backprojection is applied

0 after temporal and angular alignment. Comparison of the result in Fig. 2

&
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Fig. 2. Results of backprojection recomstruction of B-52 employing
ramp filtering.
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and that in Fig. 4 of Appendix VII obtained by Fourier inversion shows that
the backprojection algorithm produces sharper images of the visible scatter-
ing centers of the B-52 but with "wispy" trailing edges. The image showm
in Fig. 2 represents the first backprojection reconstruction of a microwave
object from realistic data. Growing interest in the back projection algo-
rithm 1s becoming evident in the literature for some of the reasons indi-

cated earlier [2],[3]. Work on this aspect of our research program is con-

tinuing.
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